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Abstract 
The study reported upon here was ini t ia ted i n  1964 t o  develop a 
Kethod o r  methods by which the explosive hazards of liquid propellant 
rockets can be assessed and the explosive yield predicted., 
To be able t o  do this became of great importance as the rocket 
s i  zes increased and the 1 i q u i  d propel 1 a n t  q u a n t i  t i e s  reached 1 eve1 s of 
millions of pounds, making experimental evaluation practically inipos- 
sible,  necessitating other methods since the hazards t o  astronauts, 
launch s u p p o r t  personnel, launch suppor t  faci 1 i t i e s  and surrounding 
communi t i e s  become potentially enormous. 
The work reported upon can be divided i n t o  four parts: 
Part I .  The flathematical Model 
T h i s  section o f  the report includes the development of a mathe- 
matical model which can sat isfy the presently available experimental 
information (which is  a l l  small scale and very sparse), and a t  the same 
time is  flexible enough t o  be able to  incorporate future information as 
i t  becomes avai 1 ab1 e .  
In addition t o  the above requirements this model has t o  sat isfy 
the s ta t i s t ica l  require.nents t o  a1 low valid estimation procedures t o  
determine the parameters involved and t o  allow s ta t i s t ica l  analysis as 
to  probability distributions, probability regions, and confidence limits. 
The mathematical model developed and described here is  then used t o  
predict such things as the peak value of  the probability distributions, 
the average yield ( w i t h  half of the yield predictions fall ing below and 
half of them fall ing above this  value), the 95 (or any other) percent 
confidence limit (the yield values below which 95 ( o r  any other) percent 
of a1 1 predicted yield values fa1 1 1 , confidence regions of b o t h  the yield 
and the mixing function, etc.  
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The mathematical model contains four parameters For the prediction 
of yields three of them beconie fixed, the f o u r t h  i s  allowed t o  vary w i t h  
propellant weight so as t o  become a scaling factor. 
The mathematical model w i t h  i t s  parameters based upon experiments 
designed t o  produce h i g h  explosive yields, has been shown t o  be conser- 
vative where predictions from i t  could be compared w i t h  explosive 
experiments or actual l i q u i d  propellant rocket failures for which yield 
estimates are available. I t  i s  believed t h a t  the model is also 
conservative i n  i t s  predictions where a t  present no information i s  
avai 1 ab1 e .  
Par t  11. The Seven Chart Approach 
This systematic method for the ana'lytical analysis and prediction 
of the yield from l i q u i d  propellant explosions is referred t o  by the 
writer and his associates as the "Seven Chart Approach." T h i s  name i s  
appropriate since the results of this stepwise investigation can be 
summarized i n  seven charts leading t o  the explosive yield prediction i n  
the l a s t  one. 
This section contains a more detailed study of what actually takes 
place and what the phenomena are which contribute to  producing o r  
controlling the explosive yield. 
producas more information and results and answers b u t  i t  also requires 
considerably more i n p u t  information and knowledge about  liquid propellant 
rockets. This information i s  i n  many cases n o t  yet  available and 
therefore must be covered, for  the time being a t  least ,  by assumptions. 
Naturally this  detailed study 
The rather complicated problem of the explosive yield prediction 
was, for the purpose of this study, divided into three parts which can be 
investigated separately and independently and then when combined give the 
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desired resu! ts. These parts are: 
A. The Yield Potential. I t  i s  defined as the maximum theoretical 
explosive yield which can be produced a t  any time t i f  the propellants 
present are mixed in the most favorable manner. 
This function can be calculated for given propellants, for 
selected fuel t o  oxidizer ratios from Chemical Kinetics, and as a 
function of time based upon heat transfer theory and some knowledge of 
the mode of fa i lure  and the original configuration o f  the missile. 
Normalized yield potential curves are presented for  a few cases 
i n  this report. 
B. The Mixing Function. T h i s  function, referred t o  by the writer 
as "Spill" function i n  his ear l ie r  work and publications, i s  defined as 
the fraction of the propellants which is actually mixed a t  any time - t. 
Only this port ion can take part i n  producing the explosive yield. 
This fraction can be defined i n  terms o f  volume, modified by 
factors which give the degree t o  which mix,lng has progressed, o r  i n  
terms of contact area between fuel and oxidizer, or i n  terms of profile 
surface again modified by proper factors, etc.  
The mixing function i s  controlled by the type of pyopellants, the 
rocket size and configuration, and the mode of failure.  I t  will always 
s t a r t  a t  zero a t  the time of fa i lure ,  reach a maximum and then decrease 
again i f  i g n i t i o n  does n o t  occur. 
function i s  terminated a t  the time of ignition, g i v i n g  the value 
If ignition takes place, the mixing 
controlling the explosive yield. 
The mixing function multiplied by the yield potential gives the 
expected yield as a function of time for the propellants, missile 
configuration, and mode of +lure  under consideration. 
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C.  Ignition Time. The ignition time, the third factor, determines 
what the explosive yield will be of a l l  the possible values, since i t  
gives the point a t  which the expected yield curve i s  terminated. 
Early i g n i t i o n  means a low Explosive yield and so does la te  i g n i t i o n .  
Somewhere between, ignition a t  the r i g h t  time will produce the maximum 
explosive yield possible fGr this combination of propellutts, missile 
configuration, and mode o f  fa i lure .  
I t  seems that only small quantities of propellants which are 
presently used, allow control of the i g n i t i o n  time. 
quantities of 25,000 I b  o r  more i n  present missile configurations seem 
t o  auto-ignite rather early during the mixing process, producing low 
explosive yield values. 
t o  many factors which act  as i g n i t i o n  source, such as e lectrostat ic  
phenomena (one of the prime suspects), fa i lure  of  electrical  systems, 
cold glow, crystal fracture, fa i lure  of structural members, h o t  engine 
parts,  etc.  
Actual rocket fa i  lures of 1 arger propel 1 ant quanti t i e s  , than 
Propellant 
T h i s  auto-ignition phenomenon is or can be due 
could be used i n  experiments, produced even lower explobive yield values 
since relatively l i t t l e  time is available for the mixing process. 
takes longer t o  mix larger quantities of propellants to  the same degree. 
With hypergol i c propel 1 ants a very short and esgenti a1 ly  constant del ay 
time is  characteristic and so the yield i s  determined by how much of 
the propellants can be mixed d u r i n g  this time interval. Wi th  cryogenic 
propellants the process i s  more random since the i g n i t i o n  delay time i s  
random in character. 
I t  
Thus from the above discussion i t  i s  possible, when knowing the 
propellant type and quantity, the missile configuration and the ignition 
time, either controlled or s ta t i s t ica l ly ,  t o  predict the expected yield 
V 
in ranges of missile size where experimental results are impossible t o  
obtain. 
P a r t  TII. 
Describing the Rextion Front dnd Shock Wave Behavior in Liquid_ 
Propellant Explos ions .  
Fireball H y m e s i s ,  and Experimental Verification, L *  
For better understanding of the phenomena which lead t o  the 
production of explosive yield i t  i s  advantageous t o  know what goes on 
a f te r  i g n i t i o n  i n  a liquid propellant mixture, 
t o  suppor t  and verify the work of Part I and Part 11, instrumentation 
was installed i n  two 25,000 lb LOX/RP explosive experiments and one 
200 lb LOX/RP cold flow and explosive experiment. 
In collecting information 
First a hypothesis was developed, estimating what should be expected 
and this was then verified by t a k i n g  the necessary data. 
Such things as 
1. The three-dimensional mixing front of a particular constitujnt 
2. The degree of mixing a t  a particular point 
3.  The degree of turbulence a t  a particular point 
4. The location of the p o i n t  or points of ignition 
5. The time delay from s t a r t  of mixing  t o  i g n i t i o n  
6.  The propagation of the reaction front 
7. The propagation of the shock front 
8. The separation of the shock and reaction fronts 
9. The fireball  and combustion products cloud history, etc.  
were discussed and measured by the methods developed in Part I1 for the 
experimental determination of the mixing function. 
ments taken are believed t o  be the f i r s t  of their  kind. 
Some c\f the measure- 
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Part IV. Fireball and Post-Fireball Combustion Products Cloud 
History and Composition 
To complete the picture of liquid propellant explosions the 
information from the other parts of t h k  work was taken and the 
Fireball and the Combustion Products Cloud further investigated. 
The composition as a function of t me was determined for a 
number of fuel/oxidizer combinations us ng the pressure, temperature 
and volume time history (al l  verifiable quantities) i n p u t .  
The composi ti on becomes o f  area t i n teres t when toxi c propel 1 ants 
are involved i n  the liquid propellant explosion since new hazwds are 
added which need to  be preuicted as well as possible and their  
magnitude assessed. 
I t  i s  believed t h a t  the work presented in this  report will 
materially help the Space Program and provide new infornation w i t h  regard 
t o  1 i q u i  d propel lant explosion characteristics and a1 low the predi c t i  on 
of such things as explosion yields i n  ranges o f  propellant quantities 
where experimentation i s  not practical i f  not  impossible. 
V I  I 
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P a r t  I 
A Mathematical Mode! for I- the Pred ic t ion  of -Explos ive Y ie ld  o f  L i q u i d  
Prrye l  l a n t  Explosions; 
I n  troduc t i on 
The explosjve y i e l d s  produced by l i q u i d  p rope l lan t  rockets o r  t h e i r  
.- . 
est imat ion d i d  no t  pose much-& a problem as long as the prope l lan t  
quanti t i e s  involved were sinal 1 . 
With the s i ze  o f  the rockets increased and the l i q u i d  proper lant  
quant i t ies  reaching l eve l s  o f  m i l l i o n s  of %>ounds the knowledge o f  the 
po ten t ia l  explosive hazard i s  o f  utmost importance. The determinat ion 
o f  the explosive y i e l d  by experimental means i s  out o f  question, so o ther  
means must be made ava i lab le  t o  assess the explosive hazards t o  
astronauts, launch support personnel, launch support f a c i  1 i t i e s  wid 
surrounding communities, hazards which are p o t e n t i a l l y  enormous. 
I n  Par t  I o f - t h i s  repo r t  a Mathematical Model i s  developed which 
can be used i n  p red ic t i ng  the explos i  c' i e l d  o f  l i q u i d  p rope l lan t  
explosions. How t h i s  was accomplished and the resu l t s  obtainable i s  
expl a i  ned i n  the fa1 1 owing . 
This maxhematisal mcdel i s  able t o  use ava i lab le  data and p red ic t  
y ie lds ,  and even qive the e f fec ts  o f  such th ings as prope l lan t  quant i t ies ,  
p rope l lan t  type, rocket conf igurat ion,  mode o f  f a i l u r e ,  e tc .  upon the 
explosive y i e l d .  A minimum o f  i npu t  data i s  required. 
Analysis o f  the Mathematical Model, a s t a t i s t i c a l  funct ion,  allows 
the determination o f  such th ings as the average value o r  the peak value 
o f  the explosive y i e l d ,  o f  the mixing, and Lhc s e t t i n y  o f  confidence l i c i r s  
as wel l  as the de te r t r im t ion  of p r o b a b i l i t y  regions. 
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Probably the nios6 useful result  of this  section i s  the presentation 
of the expected yie?d as a function of propellant q u a n t i t y .  Data which 
has become available since the model was developed is a l so  shown 
(Fig .  1-8) and they shok that the model is very conservative, predicting 
values somewhat higher than the ones actua, ;y encountered. 
T h i s  mathematical model, having four  parameters, i s  able t o  use one 
of  them, expressed as a functicn t o  b r i n g  out the dependency of explosive 
yield upon such factors as propellant quantity or missile s ize ,  
propellant type, missile configuration, mode of failure,  e tc . ,  even i n  
regions for  which no information i s  available. 
The mathematical model developed here predicts for  rockets such as 
the Atlas, Titan, Centaur, Jupiter and S-IV, an average explosive yield 
o f  about 4 percent of the theoretical maximum and that 95 percent o f  a l l  
explosive yields for this group f a l l  below 11 percent. For the almost 
s i x  million poundq of l i q u i d  propellants of the Saturn V the mathematical 
model predicts an average yield of 3.8 percent o f  the theoretical maximum 
and 95 percent oG a l l  explosive yield values are predicted t o  fa l l  below 
9.6 percent of the theoretical maximum. 
Theory of Approach 
The approach used in the development of the mathematical mode! was 
to  f i r s t  look a t  the data available a t  that  time and then t o  t ry  t o  
analyze this data mathematically so as t o  extract the maximum amount o f  
information from i t .  The goal was the abi l i ty  to  predict the explosive 
yield from l i q u i d  propellant explosions. 
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Yield. and Mixing Function 
Sl'nce the determination o f  the explosive yield has the ultimate 
objective of th i s  study i t  was defined for  the purpose of this  study as 
the fraction of the theoretically maximum explosive yield based upon the 
total propellant quantity present a t  the beginning of the experime.,, or 
a t  launch of an actual missile. 
Since the yield is dependent upon the niixed por t ion  o f  propellants 
the Mixing Function i s  defined as the fraction [nixed, of the propellants 
present. 
modified by factors g i v i n g  the degree of  mixing which has occurred, i n  
terms of contact area between oxidizer and fuel,  or i n  terms o f  profile 
surface again modified by various factors, etc. 
This Mixing Function can be expressed i n  terms o f  volume, 
T h i s  method of defining the explosive yield and the miXing 
function' ,233,435 eliminates the necessity of relating one propellant 
type to another or one explosive to  another which is  a very d i f f icu l t  
problem since the pressure-time traces from different propellant 
explosions are different. 
s reported 
TNT Equi Val ency 
Since much of  the work on l i q u i d  propellants n terms 
of "TNT Equivalent Yields," i t  was suggested that  the investigators 
provide some indication on how the yield values obtained here could 
possibly be converted i n t o  equivalent TNT values. 
The explosive yields defined as the fraction of the theoretical 
maximum (Normalized Yields) can be changed into "TNT Equivalent Yields" 
using the method given by Arthur D. L i t t l e ,  Inc.' The results presented 
on page 70 of the above reference lead to  the following cobrelation: 
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- A. 1 lb  of LOX/RP propellant i n  a 2.25/1 weight  r a t i o  is  
potentially equivalent t o  1.23 lb  of TNT. 
- B. 1 l b  of LOX/LHz propellant i n  a 5/1 weight r a t io  i s  potentially 
equivalent t o  1.52 lb  o f  TNT. 
- C. 1 lb  of LOX/RP/LH2 propellant i n  a weight  composition of 0.75/ 
0.18/0.07 (Saturn C-2 Configuration) i s  potentially equivalent t o  
1.355 It. of TNT. 
- D. 1 l b  of LOX/RP/LHz propellant i n  a we igh t  composition of 
0.721/0.244/0.035 (Saturn V Configuration) is  potentially equivalent t o  
1.29 lb  of TNT. 
Caution must be used when this i s  done since not enough is knohn 
a t  this time o f  how t o  properly equate the pressure-time traces of 
different propellant and explosives t o  each other. T h i s  is especially 
true when damage indeces are attached t o  these yield values because even 
though the explosive yield value may be the same, due t o  the difference 
i n  pressure-time trace,  different propellants can be expected t o  do a 
different amount and type of damage. 
Yield and Mixing Data 
The data found most-womising fo r  the desired analysis and almost the 
/ 
only data available was tha t  of the Arthur D. Little Spill  Test series6 
where tan& w i t h  f ixed  quantit ies of l i q u i d  propellants were dumped i n t o  
a general s p i l l  area. Calibration of the quantity spi l led as a function 
o f  time could give information of what was l a t e r  defined as  the "spi l l  
function"' y 2  and the "yield furiction"' y 2 y 3 y 4 y 5 ,  The s p i l l  function is 
now referred t o  as the "mixing function." 
The da$a i s  presented i n  Table I .  Different propellant quantit ies 
were used, h, 60, 110, 220, 320, 530 and approximately 44,000 lb.  
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The propellant types used were LOX/RP, LOX/LH2, and LOX/RP/LH2. 
general the data indicated that the more of the propellants were mixed 
the higher was the explosive yield obtained, suggesting a relationship 
between yield and mixing. 
In 
Controlled and Auto-Ignition 
A significant d.i;fference i n  behavior was noticed i n  the data. 
small propel 'lant quantity experiments could be detonated a t  w i  11 
pr 
was ini t ia ted early a low yield was obtained, when very la te  also a low 
The 
icing yields according to  the portion mixed a t  that  time. If i g n i t i o n  
yield was obtained. 
f o r  the purpose o f  the analysis here the highest observed explosive 
yield values were taken since they could be obtained a t  will. 
In between these times the values were higher and so 
In the 44,000 l b  experiments auto-ignition occurred i n  each case 
much before the planned ini t ia t ion time t h u s  l imi t ing  the yield and 
producing much lower yields. T h i s  auto-igni tion phenomenon was observed 
i n  l a t e r  experiments and seems to  occur w i t h  s ta t i s t ica l  certainty for 
quantities of 25,000 l b  and above. The actual cr i t ical  weight is 
probably below this figure b u t  no data i s  available between 1000 and 
25,000 l b .  
This auto-ignition phenomenon, which will be discussed i n  greater 
detail i n  Part 11, seems to  be a very significant l i m i t i n g  factor i n  
the explosive yield obtainable w i t h  large l i q u i d  propellant rockets. 
Yield - Mixing Relationship 
I t  i s  clear that  when none of the propellants are spil led and no 
mixing  has occurred no reaction can take place and therefore no explosive 
yield can result. Thus when the mixing function is  zero the yield must 
be zero. 
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I n  the s m a l l  scale experiments w i th  l i q u i d  propel lants  the time o f  
i g r i i t i o n  and thus detonation could be cont ro l led  and so any desired y i e l d  
up t o  the maximum (a func t ion  o f  f ue l /ox id i ze r  r a t i o )  could be obtained. 
So as t o  be on the  conservative s ide the theo re t i ca l l y  possible maximum 
y i e l d  value was taken f o r  the explosive y i e l d .  This gave an explosive 
y i e l d  value o f  0.78 f o r  a mixing func t ion  o f  1. 
The above two po in ts  form the l i m i t i n g  values and' the other  three, 
the 3 ser ies o f  experimentc f a l l  between them. 
Table I and i s  a lso p l o t t e d  on Fig. 1-1. 
suggests an exponential func t iona l  re la t i onsh ip  betweea the y i e l d  and 
mixing func t ion  o f  the  type 
The data i s  presented i n  
Closer inspect ion of the data 
d y = c x  
The Mathematical Model 
From the above i t  seemed t h a t  an exponential func t ion  can proper ly  
express the y i e l d  - mixing func t ion  re la t i onsh ip  w i t h  f l e x i b i l i t y  
enough t o  s a t i s f y  new data when i t  becomes ava i lab le .  
Having t h i s  re la t i onsh ip  the next  step was t o  develop a mathe- 
matical func t ion  which could incorporate t h i s  re la t i onsh ip  and a t  the  
same t ime could s a t i s f y  a l l  the  s t a t i s t i c a l  requirements necessary t o  
a l low v a l i d  est imating procedures fo r  the parameters invo lved and then 
a l low s t a t i s t i c a l  analysis o f  the  func t ion  so as t o  obta in  explosive y i e l d  
predic t ions o f  average values, peak values, confidence l i m i t s  and 
confidence regions i n  terms o f  propel lant  quanti t i e s  or rocket  size. 
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Informat ion Avai lab le 
From the above i t  i s  obvious t h a t  the given informat ion,  the 
explosive y i e l d  func t ion  (y) and the s p i l l  mix ing func t ion  ( x )  
cons t i t u te  two random var iab les such t h a t  
and t h a t  the expected value o f -  the y i e l d  func t i on  (y )  f o r  any value o f  the 
mixing func t ion  (x)  i s  
E(y/x) = some appropr iate non- l inear - -  
f unc t i on  o f  x 
d = C x based upon ava i lab le  data 
( 3 )  
The mathematical problem was t o  f i n d  a B iva r ia te  P r o b a b i l i t y  Density 
Function s a t i s f y i n g  these condi t ions.  
Requirements - 
The s t a t i s t i c a l  requirements f o r  t h i s  func t ion  needed here are t h a t  
the expected (or mean) value o f  y f o r  any given x value i s  
d E(y/x) = C x 
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Search fo r  a Suitable FunctioE 
No ready made, sui table  function t o  sa t i s fy  the above relationship 
could be found. 
The usual Gaussian function i s  not  suitable since the l imits are 
(-00, sa) and E(y/x) = Linear function of x. 
The usual Dirichlet Bivariate function (see Wil ks: Mathematical 
 statistic^)^ has 1 imi ts  
b u t  again E(y/x) is a l inear  function of x. 
However the Dirichlet  Bivariate function can be modified io  make 
E(y/x) equal t o  a non-linear function of x,  i n  particular 
(6)  
d E(y/x) = C x 
This is  a non-linear function that  seems to  meet the Engineering 
requirements o f  the problem. 
Development of the Function 
In the theory of definite multiple integrals one can f i n d  a class o f  
integrals known as the Liouville-Dirichlet Integrals,  These are 
described by SERRET ("Cours de Calcul Differentiel e t  Integral ,I' 
Paris 1907)8 and by GRADSHETEYN & RYSHIK' in the "Tablitsy Integralov" 
Moscow 1963 (Integrals Number 4.631 t o  4.648).  
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S. S. WILKS (mathematical S ta t i s t ics ,  1962)7 uses one of these 
integrals t o  define a multivariate probability density function and this 
i s  called the DIRICHLET Distribution ( p .  177) .  
I t s  Bivariate form becomes 
a-1 b-1 c-1 
w i t h  xl>O, x ~ F ,  x1-x2<1 
To adapt the Dirichlet Distribution t o  the problem a t  hand the 
.I 
following change i n  variables i s  made. Let 
x l = l - x  where x is the Mixing-function 
( 7 )  
x2 = Y where y is the Yield function 
After mathematical manipulation and simplification the desired 
function i n  x and y i s  obtained bo th  satisfying the physical data 
and the s ta t i s t ica l  requirements. ' I t  i s  
The only restrictions on this  equation are t h a t  
y>O, x>O, y x d ,  d # 0 
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Carrying out the mathematical operat ion ind ica ted  i n  equation ( 4 )  
The l a s t  expression, equation (10) shows t h a t  the mathematical 
func t ion  developed here s a t i s f i e s  a l l  the s t a t i s t i c a l  requirements as 
wel l  as the funct ional  re la t ionsh ip ,  connecting the y i e l d  func t ion  (7 )  and 
the mixing func t ion  (x) .  
Confidence Regions 
To enable the const ruct ion o f  a confidence - reg ion f o r  (x,y) use 
i s  now made o f  the f a c t  t h a t  the transformed var iab les 
d u = l - x  
V Z - 2  
d 
X 
both independently f o l l  ow the BETA d i s t r i b u t i o n s  
so t h a t  
1-1 3 
o r  i n  o ther  words t h a t  the func t i on  of both u and v i s  equal t o  the 
funct iot l  o f  u m u l t i p l i e d  by the funct ion of v (equation 12A times 
equation 12B). 
Given the numerical values o f  the parameters a, b, and c the two 
sided 95 percent confidence i n t e r v a l  can be found from (12B) 
Prob. (v1Lvzv2) = 0 
where v1 and v2 can he determ 
95 
ned from the Beta Tables. 
Subs t i t u t i ng  f o r  v we Find the 0.95 confidence i n t e r v a l  f o r  the 
y i e l d  func t i on  (y )  
Prob. (vlxdyLv2xd) 0.95 
L 
From ( l2A) one has 
Prob. (ulycu2) = 0.95 
where u1 and u are 
determined from tab les.  
2 
Subs t i tu t ing  f o r  I; one f i n d s  the 0.95 confidence i n t e r v a l  f o r  the 
mixing func t ion  ( x )  
Combining (14A) and (148) one obtains the J o i n t  Confidence reg ion as 
shown i n  Fig.  1-2. 
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Estimation of Pa imetgE 
As shown i n  equatioti (9 )  the Modified Dirichlet D i s t r i b u t i o n  
de 4 here i s  characterized by fou r  parameters a ,  b ,  c ,  and d.  
TI;< Z.;X step i s  to estirri- these from observed data. 
Many of the ;tandard methods of  estimation have been shown to  
be unrelidble when functions like the Dirichlet are involved. 
The usual method of Maximum Likelihood estimation leads to 
intractable equations and the estimates derived are biased to  an 
unknown degree. 
The other ,,,ethod o f  Moments also leads t o  d i f f icu l t  equations 
3nd is knowii not t o  be very reliable i n  functions l ike the Dirichlet. 
Mostly for the sake o f  simplicity the following procedure was 
devel oped. 
Paraw t e r  '> "-- 
First . .;mate the barameter 'd" from relation (10). Taking 
logarithms one obtaihs 
b In E(y/x) = I n  b+c + d I n  x 
and identifying this w i t h  the data by wr i t ing  
l n y = l n -  b + d l n x  
b+c 
Since b o t h  x and y and hence I n  x and lr! y are random 
\' I variables, the ordinary least  square method of estimating d i s  n o t  
advisable .nd WALD's method'' i s  recommended, ( A.  Wald, ANNALS o f  
Mathemat' -.i Stat is t ics  1 I ,  1940, p.  2841°) leading to the relationship 
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2n n 
c I n  yi - c I n  yi 
2n 
n+l 1 
n d =  
. t I n  x - c I n  x- n+l i 1  1 
In the procedure described i n  the reference leading t o  equation 
(16) i t  is only necessary t o  arrange the x\s i n  order of their  magnitude. 
The equation can be applied directly to an evep number of 
observations o r  can be modified t o  apply to an odd n~nber.  
Equation (16) when applied t o  a small number of observations gives 
the parameter d w i t h  an inherent degree o f  conservativeness and the 
result can be compared w i t h  results from other estimating procedures. 
Parameters* b' and "c' 
Having obtained a numerical value for d from th: above procedure 
\\ II 
the observed data (x y i )  can be transformed to (u i  , v i ) .  i '  
u i = l - x  d 
i 
Returning t o  relationship (128) the expected value o f  v i s  
calculated 
E ( v )  = l v  f ( v )  dv = - b 
b+c 
and 
I n  [ E(v)]  = I n  b - I n  (b+c) 
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(19) 
A1 so cal cul a te  
The properties of P (Euler's Digamma Function) are given i n  the 
National Bureau of  Standards "Handbook of Mathematical Functions"11 o r  i n  
the Jahnke-Emde-Loesch "Tab ies of Higher Functions . 'I1 
Identifying the above results w i t h  observed data by replacing 
E ( v )  by u (mean of observed data v i )  and E(ln v) by E (mean of 
logs of observed data v.)  one obtains 
1 
In v = Y(b) - Itr(b+c) (21 1 
I n  = I n  ( b )  - I n  (b+c) (22) 
Equations (21) and (22) become the estimation equations for  the 
'parameters * b" and 'cf' 
Parameter 'a" 
Repeating the above procedure for u leads to  equations invo lv ing  
parameter \'arr and these become the estimation equations for that 
perameter. They are: 
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- 
I n  u = \y(a) - w(a+b+c) 
I n  = I n  (a) - I n  (a+b+c) 
Applying the above procedures a l l  four parameters can be evaluated 
i n  terms of the available data. 
The Mathematical Model i s  now ready w i t h  the parameters a,  b y  c,  and 
d giv ing  i t its characteri’sti c configuration, and analysis of the 
rGsul t i  ng s ta t i s t ica l  surface produces a weal t h  of new i nformati on. 
Characteristics of the Mathemati cal Model 
The parameters a,  b y  c, and d give the mathematical model, expressed 
by the function o f  equation (9) its characteristics, w h i c h  can be 
brought L U ~  by proper mathematical analysis. Some o f  the most significant 
results w i t h  regard to  this investigation are the 
Probability Distribution of the Yield, P 
Probability Distrfbution of the Mixing, Px 
Confidence Regions for the Yield and Mixing Functions 
A. 
8. 
C. 
0. Confidence Limits for  the Yield Filnction 
E. 
A discussion of how these characteristics can be extracted from the 
Y 
Confidence Limits for  the Mixing Function 
mathemati cal model fol 1 ows . 
A. Prohability Distribution for the Yield, Py 
To obtain the probability distribution for  the yield function i t  is  
only necessary to  determine the ordinate of the probabi 1 i ty d i  s t r i  b u t i  on 
for  each value cf y. 
This ordinate for a particular value o f  y represents the cross- 
sectional area of the mathematical model a t  this value of y and 
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perpendicular to  the x-y plane. T h i s  area can be obtained graphically, 
or by integration requiring a large scale computer. 
The integral representing the probabi 1 i ty ordinate is 
Y d  
The lower limit of this equation (25) is the value a t  which f(x,y) 
becomes positive for  the chosen value of y. The function f(x,y) i s  
given i n  equation (9).  
B. 
To obtain the probability distribution for  the mixirq function the 
procedure is the same as i n  the above section except that  the variables 
x and y are interchanged so as to o b t a i n  the integral 
Probability Distribution for  the Mixing Function, Px 
Here the upper limit is  the value of y a t  which f(x,y) becomes 
negative for  a chosen value of x. 
C. 
To obtain the probability regions for the mixing ( x )  and the 
yield (y) i t  is necessary t o  determine the volume under the probability 
surface, and then t o  establish the regions which contain a desired 
subvol ume. 
Confidence Regions for  Yield and the Mixing 
In this  manner the regions are obtained representing the intersections 
of planes, parallel to the x-y plane, w i t h  the surface which define the 
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subvol umes. 
lines on a topographical map representing the various elevations. 
These intersections projected as regions simulate contour 
The above analysis can be made by b u i l d i n g  a physical model of 
the mathematical function ( u s i n g  clay, pbtty, wood, and so f o r t h )  and 
by determining the total and subvolumes by sectioning, submersion i n  
l i q u i d ,  etc.: 
again necessitating a large-scale computer. The integrals t o  be solved 
are 
i t  can also be done mathematically by double integration, 
for the total volume and w i t h  different limits for  the subvolumes. The 
limits of the integrals have to give the required subvolumes to  include 
the desired percentages o f  x and y surface values. 
D. Confidence Limits for the Yield Function 
To obtain confidence limits for the yield function i t  i s  necessary 
t o  work with fractional areas under t h s  y4eld probability distribution. 
The fraction of the total area under the probability . d i s t r i b u t i o n  
lying betwen values of y represents the fraction o f  a l l  y values 
i n  th is  interval. 
value is  desired w i t h  a confidence, l e t  us say, of 95 percent, then the 
value o f  y has to  be found for which 95 percent of the area under 
the p r o b a b i l i t y  distribution curve l i e s  to the l e f t  of i t .  Many other 
questions of this type can be answered in this  manner. 
If the hfghezt s ta t i s t ica l ly  expected yield 
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E. 
The same in format ion regarding the mixing func t ion  can be obtained 
Confidence L i in i t s  f o r  the Mixing Function 
as were described above f o r  the y i e l d .  
t h a t  the mixing p r o b a b i l i t y  d i s t r i b u t i o n  curve i s  used i n  t h i s  case. 
In format ion i n  add i t i on  t o  the above, can be ext racted from the 
The procedure i s  the same except 
mathematical model by sect ion ing -it and subsectioning i t  phys i ca l l y  o r  
mathematical i y  i n  various ways. 
App l ica t ion  o f  the Mathematical M o w  
In  t h i s  sect ion i t  w i l l  be shown how the mathematical model developed 
above can be used on ava i l ab le  information. 
The on ly  data repor ted f o r  which complete mixing and y i e l d  in format ion 
i s  ava i lab le  i s  shown i n  Table X-I. 
Table 1-1 
6 Experimental Data of L i q u i d  Propel lant  Explosions 
1. (D,HImax Test Series Y = 0.78 x=l 
2. J., Experiment 0.47 0.85 
Experiment 0.17 0.35 3. J 
4. J 3  Experiment 0.18 0.25 
2 
The w r i t e r  o f  t h i s  repo r t  and h i s  associates have made a great  
nL!n; :* o f  i i i e r t  mixing studies,  discussed l a t e r  i n  t h i s  repo r t  as wel l  
as i n s t a l l e d  thermocouple g r i d  instrumentatSon i n  two 25,000 l b  LOX/RP 
l i q u i d  p rope l lan t  explosion experiments and i n  one 200 l b  LOX/RP cold 
f low and 1 i q u i d  p rope l lan t  explosion experiaent, performed under p ro jec t  
PYRO. The thermocouple g r i d  was i n s t a l l e d  i n  the fue l  tanks where most 
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of the mixing occurred. 
mixing function relationship exhibited by the d a t a  in Table 1-1, 
fact  gives credence t o  the assumption t h a t  the yield - mixing 
relationship i s  a characteristic of the propellants themselves. 
The results strongly support the yield funct ion-  
This 
The f i r s t  step in giving the mathematical model the specific 
characteristics exiii b i  t z d  by tf-'a - -La i s  t o  evaluate the parameters 
a ,  b ,  c, and d .  
Estimation of the Parameters 
Parameter "d" 
Three methods for the eztimation of this  parameter were employed 
here even t h o u g h  some of them have been shown n o t  t o  be reliable when 
functions of the Dirichlet type are involved. 
Method o f  Averages 
The basis for this  method i s  that  the error o f  a p a r t  
p o i n t  from the true value i s  to be made as smail as possib 
r 
ri = f ( x i )  - yi 
the best curve f i t  i s  obtained when 
zri = 0 
cul a r  data 
e. Thus i f  
This method applied t o  the d a t a  0,. Table I results in a curve 
(30) 
b 
Y = b+c xd = 0.78 x' 
1-23 
w i t h  a 'd" value t o o  high and thus a 
t o  be a good f i t  for  the da ta .  
Method o f  Least Squares 
This widely used method often g 
best f i t t ing  the d a t a ,  assuming t h a t  
curve too  low (thus n o t  conservative) 
- 
ri = - yi 
ves the 
the res 
e equatSon, 
the Gaussian Law 
of Error. 
results for functions l ike this  one. 
Again this method has been shown n o t  t o  give very good 
If applied however 
and the best f:'t i s  obtained when 
zr2 = o 
i 
most probab 
dues follow 
This method applied t o  the data of Table 1-1 results in a curve 
with the value of  " d N  better b u t  s . i l l  too  h i g h ,  resulting i n  average values 
too low (again not  conservative). 
d a t a  reveals this  by simple inspection. 
Plotting the resulting clr:ve over the 
For functions 1 
previously discussed 
equation t o  the d a t a  
too  small , resul ting 
Wal d ' s Method 
ke the Dirichlet, Wald" recommknds the method 
cuiminating in equation ( 1 6 ) .  Applying this  
of Table 1-1 a value f o r  ' d"  i s  obtained which i s  
in the  curve 
Y = b xd = 0.78 xd b+c 
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(34) 
which f a l l s  t o o  high when plotted over the data (thus over conservative). 
Combining the three methods of estimation results in the curve 
(3s) 1 .5  y = 0.78 x 
wnich with the d = 1.5 giving the best f i t .  
If more d a t a  had been available the estimation procedure would have 
been much better and the confidence i n  the resulting value of "d" would 
be increased. 
Parameters b and c 
The next step i s  the evaluation o f  the parameters b" and "c!' The 
\\ 
relationship 
i s  not  enough since i t  gives one equation with two unknowns. I t  was 
however shown ear l ie r  t h a t  two estimation equations cwld be derived and 
they were given as equation (21)  and (22) .  
from Table 1-1, since the two anchor points o f  the curve lead t o  
undefined values for u and v .  The f i r s t  anchor point o f  this  curve 
had a c t u a l l y  already been used. 
(2'1) and (221 become respectively (37) and (38) 
Use only the J series da ta  
With the-numerical values the equations 
- 0.30 = 1.2 - 1 .5  
- 0.28 = 1.37 - 1.65 
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for  values of b = 4,  a w l  c = 1.1 .  
Parameter"a" 
I t  has been shown above t h a t  a l l  parameters except "a"  have been 
determined using the.ava!lable data. 
a given s e t  o f  data the value for  '\ a" can be calculated, and when 
applied w i t h  the other parameter's t o  the Dirichlet Distribution the 
analysis of th i s  function will give resul ts  character is t ic  of a l l  the data. 
To evaluate the parameter "a"  f o r  
If however there are  basic differ.ences according t o  which the data 
may logically be grouped then the parameter "a" becomes a function Ylhich 
can describe the effects  of the differences. If f o r  instance, the 
various data poi nts represent different  propel 1 a n t  weights then the 
function ~f ' a" will become a scaling function. This same procedure 
can be applied t o  propellant type, missile configb:*stion, missile fa i lure  
Analysis of the Experimental Data by Means of the Mathematical -- Model 
Using the d a t a  i n  Table 1-1, a weighted value of 3.5 i s  assigned t o  
data point ( 7 ,  OC78) since t h i s  p o i n t  represents a great number of 
experiments of small scale .involving three separate Oxidizer/Fuel 
combinat'ms, LOX/LH2, LOX/RP,  L O X / R P / L H 2 ,  and several different  
propellant quantit ies.  The  J ser ies  p o i n t s  and anchor point (0,O) were 
given a weighted value of 1 .  
U t i  1 izing the estimation equations for  parameter Ua/ '  namel;: (23) 
and ( 2 4 ) ,  a value for  "a" = 3.1 i s  obtained. 
parameters the Dirichlet dis t r ibut ion,  equation ( 9 )  becomes 
Having a l l  the 
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which i s  the mathematical modei describing t h i s  data and i t  can be 
analyzed as discussed e a r l i e r .  
The function has a very charactel i s t i c  shap;. as shown in 
Fig. ,  1-3 and is referred t o  by the writer and his associates as "Shark Fin." 
This mathematical model has been programmed on the IBM 360 computer 
and gives probabifity dis t r ibut ion,  confitience l imits  ,nd confidence 
regions for  different  values o f  the parameters 
F i g .  I-4A, I-4BY and I-/I.$ give the resu l t s  f o r  the parameters 
a = 3,1,  b = 4.0, c = 1.1, d = 1.5 
which represents a l l  the experimental data i n  Table 1-1. They give the 
yield probability dis t r ibut ion,  the mixing probability distribution and 
the yield - m i x i n g  confidence regions. 
Froin the probability distributions the peak values can be fov the 
average values (the value O F  yield or  mixing which divides the area under 
the probability distribution i n  h a l f ) ,  the 95 percent confidence interval 
( the value of yield or mixing below which 95 percent of a l l  expected 
yield or mixing values will f a l l  - the value t o  the l e f t  of which 95 
percent of the area under the probability , : istr ibution l i e s ) .  
probability regions around the peak value irxlude 50, 70, 83, 93, an,? 
100 percent of ~ 1 1  yield and s p i l l  values. 
given in Ceference 2 ,  
The 
Further infori.3tion i s  
Ana1,sis of Missile Failures - by Means o f  the  Mathematical Mode: 
The above procedure of :?n.::yinq the mathematical model t o  t h e  
experiinental data exhibited a wealth of information whjcch can be cxtracted 
by such analysis. 
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I n  this section the mathematical model will be used on yield estimates 
of actual missila failures,  presented i n  Table 1-11. 
To be able t o  use this  data since only yield could be estimated i t  
was necessary only t o  assume that the yield - mixing relationship, a 
basic propellant characteristic, holds for this  data. 
i s  a good assumption which i s  further supported by two 25,000 l b  PYRO 
experiments which were partially instrumented by the writer and his 
associates t o  establish i n  addition to  other things th i s  very fact .  
Theoretically this  
Evaluation of  the parameters for the missile failures as presented 
i n  Table 1-11 (using TNT values to  be conservative) give 
a = 70, b = 4.0, c = : . : ,  ci = 1.5 
and the analys s based upon the mathematical model controlled by these 
values for the parameters i s  presented i n  F ig .  I-5A, I-5B and I-5C. 
A closer ook a t  these figures shows that the average yield value 
fc r  this group as predicted by the model i s  4 percent and 95 percent of 
all  the yields f a l l  below 11 percent. 
Only the 80 percent confidence region i s  presented i n  F ig .  I-5C since 
i t  already i s  very small indicating t h a t  rather close grouping of the 
expected yields arid mixing  will result. 
Scaling by Means of the Mathematical Model 
If  the effect  o f  the size or quantity of propellants (on board a t  
launch) i s  desired the data can be grouped according t o  propellant 
quantity and the parameter ''a'' can be calculated for each group.  
I t  must be realized that with already sparse d a t a ,  by do ing  th i s ,  
some uncertainty i s  introduced since each "a" value i s  based upon fewer 
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points. This problem will however correct i t s e l f  as more data become 
avai 1 ab1 e. 
Using the small experiments of about 200 lb  average the \\a" value 
when calculated as outlined above i s  less  than 2. 
For the J t e s t  series of a'lmost 44,000 l b  of propellants the 
a value becomes 7.5, * 1 
1- 
In the about 100,000 l b  c lass  the best point, since i t  is  based 
upon actual measurements, i s  the S-IV Test, and the highest explosive 
yield value is  used f o r  analysis. 
Point 14 i n  Tab?e 1-11 is  an estimate and p o i n t  12 gives a yield which 
was based upon an estimate of the propellant quantity on board a t  the 
time o f  impact, thus g iv ing  too high a value as compared to  the launch 
quantity of propellants. 
quantity was so d i d  not feel  i t  advisable t o  use another value. 
I t  gives a value f o r  'a" of 60. 
The writer could not firtd out what the impact 
For the 250,000 lb  c lass  or  group points 5 through 11 of Table 1-11 
were used result ing i n  an -a" value of 70. 
For these calculations as those of the previous section the yield 
values were taken as reported rather than normalized since the accuracy 
o f  the estimates is not known and this procedure will keep the analysis 
on the conservative side.  
The resul ts  are summarized i n  Table 1-111 
Table 1-111 
Parameter \'a" as a Function of Propellant Weight 
200 l b  a = 2  
44,000 I b  7 .5  
100,000 l b  60 
250,000 l b  70 
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These results are graphically represented in Fig. 1-6 which shows 
t h a t  the parameter "a" as a function of propellant weight forms a 
distorted S curve indicating t h a t  an increase in propellant weight 
increases the value "a" and thus decreases the yield values predicted. 
I t  indicates further that  the curve s t i l l  increases beyond the l a s t  
known point b u t  a t  a decreasing rate. 
/ Studying F i g .  1-6 the value of \\a" can be bracketed irt #w, 1 s t  tw- 
- _ _  
say, propellant quantities of the Saturn V class. I t  i s  shown that the 
value i s  definitely higher than i t  i s  a t  the l a s t  known p o i n t .  On the 
other hand since the curve continues a t  a decelerating rate a straight 
1 ine between the l a s t  two known points wi 11, when intersected with the 
Saturn v propellant quantity, overshoot or give a value of "a" too  large. 
So the true value of "a" can be expected t o  l i e  between these two 
extremes. In this  case between 70 and 97. 
If t1.e mathematical model i s  taken and the value "a" varied i n  the 
computer program the effect  of 'a" on the yield prediction can be found. 
Fig. 1-7 presents the effect  of "a" upon the average yield value. 
shows that a t  the higher values of "a'" the predicted yield values changes 
l i t t l e  or in other words that the yield sensit ivity w i t h  respect t o  the 
I t  
\\ It parameter a a t  higher values of "2' i s  low. Thus even inaccuracy i n  
the value "a"  due t o  insufficient data will have l i t t l e  effect  czn the 
explosive yield predicted. 
From Fig. 1-7 and the 'a" values obtained from F i g .  1-6 the 
predicted average yield value for the Saturn V based upon the mathematical 
model i s  between 3 . 5  and 4 percent. 
Fig. 1-8 presents the results in the most useful form, showing the 
average expected yield value and the 95 percent confidence limit as 
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predicted by the mathematical model as a function of propellant weight. 
From this Fig.  the prediction for the Saturn V would be that  the average 
expected yield value is a b w t  3.8  percent and 95 percent of a l l  the 
expected yield values will fa17 below 9 percent. 
In addition to  the prediction from the mathematical mode: by 
analysis many actual yield data points are plotted on Fig .  1-8 so that  
a comparisoil between predictions and actual results can be made. 
The mathematical model as useQ here included a1 1 types of propel 1 ants , 
presentlj used, a l l  modes of failures and or experimnnts, i t  t h u s  
represents our  knowledge based on experiments and upon the case history 
of missile failures. The model is found to  be conservative i n  i t s  
predictions since the conservative route was taken i n  i t s  development an;' 
use of data. 
Other Analyses Which can be Carried U u t  k i t h  the Mathematical Model 
In the above analysis i t  was shown that the data can be grouped 
according to some known variation and parameter "a" can then be used 
to indicate this variation through i t s  functional characteristic. So the 
data could be grouped n o t  only according to  weight b u t  also according 
to propellant type, missile configuration, mode of failure,  ignition 
time, etc. 
If for any such s e t  of data the parameters a ,  b ,  c ,  and d are 
evaluated the predicted average explosive yields sho,ld be better i n  
such cases and the confidence 1 imits will be found,  in general, closer 
t o  the average value. 
Evaluation of the Mathematical Model 
The development o f  the mathematical model as described i n  Part  I 
resulted i n  a very flexible tool which can u t i l i ze  a minimum amount of 
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data and extract from i t  a wealth of information. 
give i t  this f lexibi l i ty  and allow one or more of them t o  vary, if 
desired, t o  investigate certain characteristics of the data. 
I t s  four  parameters 
The data used for the predictions here were taken conservatively 
so t h a t  the explosive yield predictions are on the h i g h  side of the 
unknown true value. 
data fa1 1 s even bel ow the predicted average value. 
Fig .  8 bears this o u t  since most of  the available 
Since the mathematical model i s  shown t o  he conservative i n  the 
range where information i s  available i t  is also believed to  be 
conservative i n  i t s  predictions i n  the regions where no data is presently 
available. So i t  i s  believed that the predictions for the Satura V, 
based upon this mathematical model are on the nigh side. 
Inspite o f  this very conservative nature o f  the model i t  predicts 
yield values for propellant quantities of the Saturn V s ize ,  much, much 
lower than the values presently used. In this l a s t  statement l i es ,  the 
writer believes, the most significant contribution of this model. 
In closing i t  might  be added that for  large l i q u i d  propellant 
rockets, i t  may be desirable t o  control the mode of fa i lure  w i t h  a 
properly designed destruct system, so t h a t  i n  case launch abort becomes 
necessary, a m i n i m u m  explosive yield i s  produced. Wi th  such a procedure 
the explosive yield value can be lowered s t i l l  further and the explosive 
yield prediction re l iab i l i ty  increased. 
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Part I1  
"The Seven Chart Approach" 
A Systematic Approach for  the Analysis and Prediction of the Yield from 
L i q u i d  Propellant Explosions 
Introduction 
I t  was pointed out i n  Part I that  i n  an e f for t  to  assess and 
minimize the hazards from liquid propellant explosions as a result o f  
missile failures t o  astronauts, launch suppor t  personnel, launch 
f ac i l i t i e s ,  and surrounding structures i t  is  of utmost importance t o  be 
abla t o  predict the most probable expected yield. 
An approach, considering the over-all characteristics of 1 i q u i d  
propellant explosions, t o  predict the explosive yield, sp i l l  or mixing, 
probability distributions, confidence regions, confidence limits, and 
so f o r t h ,  by means of a mathematical model was presented i n  Part I as 
well as i n  reports and papers1,2,3,4,5 by the writer. 
described there accomplished the ultimate goal o f  leading t o  a valid 
prediction procedure of yield, sp i l l  or mixing, and so forth, o f  
liquid pyopellant explosions; i t  did not  provide an i n s i g h t  i n t o  the 
physical phenomena producing th i s  yield, mixing, and so on. 
The method 
The present approach, that  of Part  I1 of this  report, suggests a 
more fundamental approach t o  this problem by considering the physical 
phenomena in detail which go into producing the explosive yield,  mixing, 
etc. This approach therefore can, through understanding of the physical 
processes and phenomena, provide the information necessary to control 
these processes. 
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The approach presented here i s  referred to by the authors as the 
"Seven Chart Approach" since the procedure can be summal-ized i n  seven 
charts, constituting a complete, well planned program, outlining the 
necessary steps t o  be followed. 
Furthermore, the "Seven Chart Approach" uses presently awai lable 
informati on regarding these poorly understood phenomena producing the 
l i q u i d  propellant explosion yield; i t  points o u t  where more theoretical 
and experimental work i s  needed, and what information i t  should provide. 
In this  manner an ideal balance is obtained between theory g u i d i n g  
the experimental work and the results f rom the experiments modifying 
the theory. For this reason the- recommended procedure is  able to  reach 
the desired goals along a most direct  route i n  the shortest possible 
time and a t  a minimum cost. 
Previous theoretical and experimental investigations reported i n  
the l i terature  ' ' ' ' ' 15'16 suggest that  the actual phenomena 
producing the yield i n  l i q u i d  propellant explosions can be divided into 
groups which 1 end themselves t o  separate study, both theoretical 1 y and 
through small -scale experimentation. 
For the purpose of the "Seven ChzrL'::pproach," suggested here for 
the prediction of the expected explosive i i e l d ,  e tc . ,  for  l i q u i d  
propellant explosions, the problem f: divided into three uch groups of 
phenomena which can be studied separately b u t  when combined allow the 
desi red prediction. The groups revol ,re around 
A. The Yield Potential Function 
6. The Mixing Function 
C.  Delay and Detonation Times 
and ai low the incorporation of  the basil. characteristics o f  the particular 
11-3 
propellants involved, of the missile design configuration, and the 
mode of fa i  1 ure. 
The yield potential function (A)  i s  basically controlled by 
chemical kinetics, the mixing function ( B )  by the principles of hydro- 
dynamics modified by heat transfer,  and the de1a.y and detonation times 
(c)  by characteristic functions for some propellants such as hypergol5cs 
or by random processes for others. 
The separate studies 'can be combined by taking the yield potential , 
when expressed as a time function, and multiplying i t  by the mixing 
function to  obtain the expected yield a t  any time af te r  the s t a r t  o f  
the fa i lure  or a f te r  the mixing has begun. T h i s  mixing function w7:;i 
be different for different modes of fa i lure  and missile configurations. 
The actual expected yield can be determined by superimposing the 
delay and detonation times upon the above expected yield function, e i ther  
as a fixed value where applicable or ;IS a s t a t i s t i ca l ly  most probable 
value w i t h  proper confidence limits. 
are characteristics of the propellants such as hypergolics, or cryogenics, 
modified by the propellant quan+ities, missile configuration, modes 
o f  fa i lure ,  and so forth. 
These delay and detonation times 
The total  procedure can be summarized, w i t h  the seven charts supplying 
the necessary information, as the relationship 
where y expected yield value a t  time* 
y 
x mixing function 
t* detonation time (controlled or s t a t  
yield potential value a t  time* P 
s t ica l ly  most probab 
(11-1 ) 
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The developriient of the seven charts follows: conditions were 
assumed so that quantitative results cau'ld be calculated for  cases 
which were investigated experimentally and for which results are reported 
i n  the 1iteratur:- 7 s u 3 1 3  or for which results were obtained as p a r t  
OF this  investigation.3 
These quantitative results give More meaning t o  t.:n ~IAoc&uimes 
suggested, and allow comparison o f  Drf<ict?d values frm t i c  ''Se::en 
Chart Approach" w i t h  actual experimental results . 
same if  other in i t ia l  conditions, than thost; +resented here, other 
propellaRts o r  other configurations are used. 
The aptwoach i s  the 
A. The Yield Potential Function 
The yield potential function i s  defined f o r  this investigation as 
the theoretical maximum yield obtainable i f  the liquid propellants 
present are mixed i n  the most favorable manner t o  produce the maximum 
: possible value. The explosive yields are then normalized w i t h  respect 
t o  the maximum theoretical yield obtainable w i t h  the original propellant 
quanti t i e s  . 
The yield potential. function for any propellants or combinations 
of them as a function of time can be obtained from theoretical 
considerations i n  four  steps as follows: 
1 .  Maximum Theoretical Energy Release (Chart 1 ) 
The maximum amount of energy which can be released from any 
particular liquid propellant fuel-oxidizer m i x t u  
employing the basic laws of chemical kinetics. 
Figures II-1A and 11-18 ( i n  greater de ta i l )  
such cal cu1 ations for the three-component propel 
'e can be calculated 
show the results from 
a n t  mixture, L02/LH2/RP-1. 
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Figures I I -8A and I i - 8B  ( i n  greater  d e t a i l )  show the r e s u l t s  f r o m  
such ca lcu la t ions  f o r  the three-component propel l a n t  mixture, LF2/LH2/RP-I. 
The upper curve i n  these f igures  i s  the r e s u l t  o f  the three- 
component mixtures L02/LE2/RP-1 o r  LF2/LH2/RP-1, w i th  the r a t i o  o f  LH2 
t o  RP-1 held constctnt. I n  a r r i v i n g  at . . the numerical values i t  was 
assumed t h a t  a l l  the LH2 reacts, and as much o f  the RP-1 as can be 
suppl ied by the ox id izer .  Atmospheric oxygen could a lso be included i f  
desired wi thout  any p a r t i c u l a r  d i f f i c u l t y .  
The lower curve i s  the r e s u l t  o f  two-component mixtures L02/RP-1 
o r  LF /RP- l ,  again presented here w i thout  atmospheric oxygen cont r ibu t ion .  2 
This curve i s  appl icable t o  a two-component mix ture o r  can be considered 
the cond i t ion  a f t e r  a l l  LH2 o f  the three-component mixtures has evaporated. 
Thus any three-component mix ture w i l l  have i t s  s t a r t i n g  p o i n t  on the 
upper curve and w i l l ,  due t o  evaporation o f  both the LH2 and the LOp o r  
LF2, f o l l o w  a path from the upper curve t o  the lower c u r ~ e  and then toward 
the o r ig in ,  i f  reac t ion  does no t  occur somewhere along t h i s  path 
terminat ing the process. 
r e l a t i v e  quan t i t i es  o f  each component present. Two such paths f o r  the 
L02/LH2/RP-1 and two f o r  the LF2/LH2/RP-1 mixture are shown i n  the 
above mentioned f igures .  
The actual  path depends upon the changes i n  the 
How they are ca lcu lated w i l l  be explained l a t e r ,  bu t  i t  might be 
mentioned a t  t h i s  time t h a t  the L02/LH2/RP-I mix ture was the one used 
i n  f i e l d  e ~ p e r i r n e n t s . ~  One path assumes t h a t  the mixture i s  thermal ly 
i so la ted  from the surroundings and the other  path assumes t h a t  maximum 
thermal i n t e r a c t i o n  between the system and the surroundings occurs. 
That the two paths are not  as much d i f f e r e n t  as might be expected 
ind icates t h a t  the e f f e c t  o f  the surroundings i s  minor. 
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2. 
The explosive yield of the l i q u i d  propellants will depend n o t  only 
Yield Potential as a Function of Oxidizer to  Fuel Ratio! (Chart 2 )  
upon the quantity of energy released, b u t  a l so  upori the rate a t  which 
this energy is re?eased. Because of lack o f  information as t o  the 
variation o f  the reaction rates w i t h  propellant composition i t  was 
assumed for these calculations that the reaction rate  remains essentially 
constant throughout the Oxidizer/Fuel ratios under consideration. 
With this assumption, which should be replaced by reaction rate 
information as i t  becomes available, and the informetion of Figures I:-18, 1 1 - 1 ~  
and II-8A, II-8B, the yield potential can be-calculated and normalized i n  
terms of the theoretical maximum of the original propellant quantities 
(propellant quantities used i n  an experiment o r  propellant quantities 
on board of a rocket a t  launch). The results are presented i n  Fig. 11-2 
for the L02/LH2/RP-1 combination and i n  Fig. 11-9 for the LF2/LH2/RP-l 
combi nati on. 
3. Mass-Fraction Time Relationship f o r  LOz, LF2 and LH (Chart 3 )  
To determine the actual paths as previously discussed and shown i n  
- 
Figs .  11-114, 11-lB, 11-2, and II-8A, II-8B, 11-9 i t  is  necessary t o  know 
the LH2/L02 and LH2/LF2 ra t io  and i t s  variation. This is  easiest  obtained 
from calculations of the quantities of LH2 and LO2, and LH2 and LF 
respectively present a t  any time. 
2 
The calculations are more or less  standard, involving the principles 
of thermodynamics and heat transfer, b u t  are long and tedious. They 
involve simultaneous heat balance and heat transfer relationships, which 
w i t h  the proper heat transfer coefficients a1 low, through step-by-step 
and iterated calculations, the estimation o f  the quantities of cryagenics 
I I - ? 3  
vaporized, escaping, or again condensed i n  the mixture, the quant 
o f  fuel and oxidizer frozen and portions remelted, and so fo r th .  
simp1 ifying assumptions were made wherever i t  seemed advantageous 
reducing the large amount of computations without appreciably eff  
t i e s  
Some 
i n  
s t i n g  
the results. 
order of magnitude, b u t  the opposite sign and were relatively small, 
they were sometifnes cancelled against each other. 
tremendously i n  reducing the scope of the necessary computations. 
Where quantities were encountered which had the same 
These actions helped 
Contact area variations based upon mixing studies b o t h  a t  the 
University of Florida i n  connection w i t h  the study of explosive hazards 
of 1 i q u i  d propel 1 ants, and information found i n 1 i terature , were used 
i n  the heat transfer equations together w i t h  the best available heat 
transfer coefficients to  obta in  the mass-fraction for LOz/LHz and 
LF2/LH2. 
The information needed and used, aside from that  supplied by 
s u p p o r t i n g  studies a t  the University of Florida, are referenced i n  
Table 11-1 b u t  only some of the assumptions and the results from the 
cal cul a t i  ons can be presented here because of space 1 imitations . 
Information for Mass Fraction Gal culations 
To calculate the I G P S S  fractions, by f irst  calculating the quantities 
actually present a t  any time, i t  i s  necessary t o  assume a pnysical 
conf i gurati on and a mode of fai  1 ure. 
For the purpose o f  this investigation a model was chosen which 
leads t o  reactions less violent t h a n  spil l ing the propellants together 
as was done i t i  the ADL t e s t  series,  which was used as the data for the 
Mathematical Model in Part I .  
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The three propellants, Lh2, LO2, and RP-'I were assumed to be 
contained i n  a 12  f t  &ismeter cylinder w i t h  the LH2 on top ,  the LO2 
i n  the middle and Lie HP-1 on the bottom. 
A t  time zero the partitions between the propellants are removed 
and the ini t ia l  contcct areas between the propellant components are 
the plane, horizontal interfaces. I t  j s  assumed that no chemical 
reaction or combustion takes place for the calculation of the mass 
fraction C U I J ~ S .  If ignition and combustion would occur the result 
wou'ld be th;! termination of the curve a t  the p o i n t  of ignition. 
Two case;; are taken f o r  purpose of i l l u s t r a t i o n  where the three 
propellant cmst i  tuents are 
1. Therwaliy isolated from the surroundings 
2. The;-inally coupled to  a maximum w-;in the surroundings 
(container temperature 75 F and constant). 
Init ial  Conditions 
To LH2 = ?6.5 K mo LH2 = 3,032 l b  
To LO2 = 162.3 R m, LO2 = 32,928 l b  
To R3-1 = 528 R m0 RP-1 = 7,880 l b  
Interfacial contact areds between components a t  time t = 0 are the 
plane areas respective!y. 
Assumpti ons - 
1. The heat transfer rate between the LH2 and the LO2 i s  constant and 
1140.5 B t u / h r  ft2 R. 
The heat transfer rate betxeen the LO2 and the RP-1 is constant and 
7776 B t u / h r  f t 2  R. 
3. The heat transfer rate between LH2 and the container i s  constant 
and 757.3 B t u / h r  f t 2  R .  
2. 
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4. The 
and 
5. The 
6. RP- 
7. The 
heat transfer rate between LO2 and the container is constant 
632.0 B t u l h r  f t 2  R. 
heat transfer from the container t o  the RP-1 i s  zero. 
cs as kerosene. 
LO2 is governed by 
has the same heat transfer characterist 
interfacial contact area between LH2 and 
the re1 a t i  ons h i p  
2 A = 113.1 + 218 t 
8. The interfacial contact wea between LO2 and 
the re1 ationshi p 
RP-1 i s  governed by 
2 A = 113.1 + 31 t 
9. The b u l k  process f o r  the localized intersurface region< involves a 
height of 0.66 f t  (5,380 l b )  between Lti2 and LO2, and a h e i g h t  of  
0.66 ft (5,380 l b )  plus  0.34 f t  (1,946 l b )  between the LO and the 2 
RP-1. 
10. The heat of vaporization for LH2 is 131 B t u / l h .  
11. The heat of vaporization for  LO2 is 91.7 Btu/lb. 
12. The specific heat a t  constant pressure for LO2 is constant in the 
range of investigation and a t  0.228 B t u / l b  R. 
13. The specific heat a t  constant pressure for RP-7 is constant i n  
the range of investigation and a t  0..51 Btu / lb  R. 
14. All the LH2 which vaporizes, escapes. 
15. O f  the LO2 which vaporizes, 25% escapes, 25% solidifies and is  
suspended i n  the LH2, and 50% condenses. The portion which 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
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condenses is f i rs t  condensed i n  the LO2 cooled localized region, any 
l e f t  over amounts are condensed i n  the LH2 and f a l l  back i n t o  the 
L02. 
No heat is transferred between the - SO2 and the LH2. 
The latent heat of fusion of RP-1 is 70 B t u l l b .  
The GO2 that  i s  formed a t  the lower interface does not reach the 
upper interface u n t i l  one time interval la ter .  
The latent heat of  fusion for LO2 is 5.9 Btu / lb .  
The heat transfer from - SRP-1 t o  LO2 i s  so slow and small that  i t  
is negligible for  the time intervals chosen here. 
The specific heat a t  constant pressure of ZRP-1 is constant i n  
the range of this  investigation and a t  0.255 Btu / lb  R. 
The thermal conductivity of LRP-1 i n  the range of this  investigation 
is constant and a t  0.086 B t u / h r  f t  R. 
Thermal conductivity of gases is inversely proportional t o  
temperature and the thermal conductivity of ZRP-1 is  constant a t  
0.1183 B t u / h r  f t  R. 
The density of - SRP-1 i s  50 lb/ft3. 
Identical assumptions were used for the three propel 1 ant component 
system which was thermally isolated from i ts  surroundings w i t h  the 
exceptions t h a t  the container tank walls were considered adiabatic so 
that no heat was transferred t o  i t  from external sources. 
With the above cssumptions, many of the sources o f  which  are referenced 
i n  Table 11-1, and the standard equations o f  Conduction, Convection and 
Radiation Heat Transfer the amounts o f  constituents present a t  any time 
t and their  respective phases can be calculated. 
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The r e s u l t s  a re  presented i n  Figs.  II-3A End II-3B f o r  t h e  
LO /LH /RP-1 prope l lan ts  of t h e  above q u a n t i t i e s ,  2 2  
Using s i m i l a r  in format ion as the above f o r  the  L02/LH2/RP-1 
mix tu re  b u t  f o r  the  LF2/LH2/RP-1 mix tu re  r e s u l t s  as presented i n  
Fl’gs. II-1OA and II-1OB r e s u l t .  
4. 
Using the  i n f o r m a t i o n  developed i n  F ig .  II-3A and II-3B o r  the  
Yl’eld P o t e n t i a l  - Time Re la t ionsh ip  (Chart  4)  
corresponding Figs. f o r  the  F luor ine  prope l lan ts  a t ime sca le  can be 
superimposed upon Figs.  11-lA, 11-16 and 11-2 o r  I1-8A, II-8B and 11-9. 
With these t ime scales as shown on Figs. II-1B and II-8B, these 
curves can be r e p l o t t e d  g i v i n g  the  y i e l d  p o t e n t i a l  versus t i m e ’  
r e l a t i o n s h i p  as Seen i n  F ig .  11-4 and 11-11 respec t ive ly .  
These curves represent  t h e  t h e o r e t i c a l  maximum y i e l d  which could 
be obtained a t  any t ime t from t h e  above prope l lan ts  due t o  the  
q u a n t i t i e s  o f  the  cons t i tuents  which a r e  present  a t  t h a t  t ime t. 
One c u r w  again represents the  y i e l d  p o t e n t i a l  f o r  the  i s o l a t e d  system: 
and the  o t h e r  f o r  the  system which has the maximum t h e o r e t i c a l  thermal 
i n t e r a c t i o n  w i t h  the surroundings. 
Since the curves o f  the  l a s t  Figs. g i v e  the  y i e l d  f o r  p r o p e l l a n t s  
when p e r f e c t l y  ( o r  b e t t e r  most advantageously) mixed t o  produce maximum 
y i e l d ,  these r e s u l t s  must be mod i f ied  by t h e  mix ing  func t ion ,  the ac tua l  
amounts ( f r a c t i o n  o f  the  maximum amounts) which are mixed a t  t ime t. 
B. The Mix ing  ( o r  S p i l l )  Funct ion (Chart  5) 
While the y i e l d  p o t e n t i a l  f u n c t i o n  as c a l c u l a t e d  above f o r  a 
s p e c i f i c  case es tab l i shes  the  actual  q u a n t i t i e s  o f  the var ious 
cons t i tuents  present and the  maximum t h e o r e t i c a l  y i e l d ,  i f  a l l  these 
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Star t ing  Point W2 3,032 l b  
RP-1 7,780 lb 
s o l a t e d  System 
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Time in Seconds 
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Table 11-1 
SUBJECT 
List of Literature References Used i n  Support of the Calculations 
for  the Results Presented i n  Figures II-1A through II-3B 
Average Chemical Formulas for  Kerosene, RP-1 
Average Heat of Combustion fo r  Kerosene 
Heat of Combus tion for Hydrogen 
Propellant Proportion used i n  .Heat Transfer 
Calculations 
LAN/RP-1 Contact Area versus Time Data for 
P02/RP-1 Analogy 
Film Coefficients for LAN/RP-1 Interface 
Film Coefficients fo r  LN /LH Interface and 
LN2/LH2 Contact Area vergus pime Data for 
L02/LH2 Analogy 
Latent Heat of  Evaporation f o r  H2 and Specific 
Heat for GO2 
Specific Heat for  - L JP-1 t o  simulate RP-1 
Latent Heat of Evaporation for 02 
Latent Yeat of Fusion for O2 
Approximation cf Latent Heat of Fusion for RP-1 
Approximation of Specific Heat of S o l i d  Kerosene 
REFERENCES 
37, 43, 44, 46 
37, 38, 45 
38 
6 
22 
22 
22 
39 
28 
39, 28 
39 
46 
40, 41, 42 
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constituents are mixed most effectively, i t  does n o t  give any information 
as t o  the actual degree of mixing of the constituents. 
For example, a t  time zero when the constituents are n o t  yet  mixed 
or a t  best just beginning to  mix, none of them are actually mixed and 
therefore an explosion coilld not be produced. Thus a t  time zero while 
the yield potential function has i ts  maximum value the mixing function 
has the value zero. The product o f  the yield potential and the mixing 
function a t  time zero gives the true or expected yield. 
The mixing function i s  essentially a hydrodynamic function, 
however complicated by h igh  rates o f  heat transfer. T h i s  makes the 
analytical approach very d i f f icu l t ,  and an experimental approach for  
determining this function was chosen which is more promising since 
questionable assumptions are not involved. 
1. Analytical Approach 
The basic problem to be solved here is the interaction of two or  
more l iqu ids  which come together due t o  a particular mode of failure.  
These liquids are a t  different temperatures and upon contact energy is  
transferred between them resulting i n  phase changes and extreme 
turbulence. A t  least  one and probably more o f  the constituents will 
apor or gas phases making 
s interaction one of 
as a result  be present i n  solid,  l i q u i d  
the analysis of the phenomena involved 
extreme conipl i ci ty . 
Many variables and 
even i f  the differentia 
processes no method has 
fact  much simpler equat 
have never been solved. 
factors must be 
and 
n t h  
used t o  describe the behavior and 
equations are se t  up  presumably describing these 
ye t  been found t o  solve them. As a matter of 
ons involving only a small par t  of these phenomena 
Such are three dimensional heat transfer involving 
I 1-26 
a l l  the factors of our  problem or the problem of f l u i d  flow alone of 
the type which we are encountering. 
The next best t h i n g  would be analytical approximate solutions and 
two approaches will be briefly discussed. 
a. The Grid Cell Approach 
I t  is possible to divide the field under study into a g r id  of 
cel ls  (cubes, or curvilinear volumes). Then the amounts of each 
constituent i n  each of i ts  three phases crossing into and out of each 
cell  and the energy quantities crossing the cell  boundary can be 
expressed. Thus a great number of equations can be s e t  up expressing 
t h i s  interaction betheen t h e  cells .  The solution t o  the problem will 
be the s t a t e  for  the system as a whole, a t  a particular time t when 
everything balances. 
successive time. A tremendous task requiring an extremely large 
computer w i t h  tremendous storage capability, requiring uncountable 
numbers of iterations . 
T h i s  process must then be repeated for  each 
Thus evcn though this method is  straight forward and certainly 
feasible i t  was not considered best for  t h i s  investigation, and af te r  
sett ing up some of tbe relationships expressing the physical problem. 
Section ( b )  will give further support  t o  this statement. 
b. The MAC Method1-/ 
The - Marker-And-Cell - technique was developed a t  Los Alamos by a 
team of scient is ts  for solving f l u i d  f low problems. The method i s  
appropriate with a high-speed digital  computer. 
s ible ,  viscous, and moves through large-amplitude contortions in 
sewral space dimensions. There may be a free surface upon which waves 
The fluid i s  incompres- 
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can form and break, or the flow may be entirely confined by walls. 
motions are calculated by using the complete Navier-Stokes equations, 
including a l l  non-linear terms. The only approximations ar ise  from the 
f ini  te-di fference representation. 
The 
The above problem is one of approximate solutions already requiring 
a computer larger tnan w h a t  most Universities possess and this program 
does n o t  include other t h a n  l i q u i d  phases and only one or  two 
components. Naturally energy transfer such as heat transfer is excluded. 
Only two dimensional examples are presented by the authors. 
When one considers the amount of work which goes i n t o  such an 
analysis, the tremendous f ac i l i t i e s  and expense i n  carrying through such 
a program and i n  addi t i o n  the boundary condition assumptions which must 
be fed i n t o  the program, the results obtainable are rather questionable. 
2, Semi-Empirical Approach 
When analytical approaches become too d i f f icu l t ,  long, or impractical 
economically or time-wise, then often methods can be employed which 
combine theoretical work w i t h  a m i n i m u m  of experimentation. 
One such method which has been proven very pPwerful i s  Dimensional 
Analysis. 
expression has physical meaning i t  has t o  be dimerisionaliy consistent. 
T h i s  method is able to give the relationships between the variables 
describing the phenomena under study, and then can usually be grouped 
i n  terms of dimensionless terms or numbers. The coefficients, exponents, 
or i n  more complicated case functions have to be found by irxperiiiientation. 
The experimentation i s  thus reduced since t h e  relationship of the 
variables is  already established. 
T h i s  method is based upon the realization t h a t  when an 
11-28 
Usually this iiiethod can save considerable tiaie and has very 
successfully been applied in cases where only  a liciited number of 
variables were involved. 
In the problem under consideration here the number of variables 
i s  so great and the experimental measurement of them diff icul t  requiring 
of the time involved i n  do jng  this 
ng function experimentally for  
combinations. 
expensive instrumentation. Because 
i t  was decided t o  determine the mix 
various modes of failure and liquid 
3. Experimental Approach 
As mentioned above and for the reasons cited the experimental approach 
was chosen t o  give the'answers needed for analysis of the explosive 
yield pred7ction i n  the shortest possible time and with the greatest 
re l iabi l i ty .  
approach can be applied t o  the propellants, missile configuration and 
mode of failure dezired. 
:io questionable assumptions have to  be made and the 
To measure the fraction of the propellants mixed and the degree of 
mixing, methods had t o  be developed t o  be able t o  do th i s ,  
a. Definition of the Mixing (or Spi l l )  Funct ion  
For the purposes o f  this investigation the mixing  function, as mentioned 
ear l ier ,  i s  defined as the fraction o f  the propellants which are actually 
mixed a t  any time t. This can be expressed as 
x = -  FTFBFFFL = PM 3 
pP 
(11-1) 
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PM 
PP 
FT 
FB 
FF 
L F 
M i  xed Propel 1 an t  Parameter such as : 
Surface, Contact  Area, e t c .  
To ta l  P r o p e l l a n t  Parameter corresponding t o  Pb, such 
as: Volume, Envelope Surface, e t c .  
Turbulence Fac to r  
B o i l i n g  Factor  
Freezing Factor  
Loss Factor  
Vol ume Envelope 
In t h e  work presented here t h e  parameter 
area o r  most f r e q u e n t l y  as the  m i x i n g  volume. 
P was taken as the  con tac t  
The f a c t o r s  modify ing the  parameters were determined most o f  t h e  t ime 
as a group m o d i f i e r  (2 1, by i n e r t  l a b o r a t o r j  experiments, u t i l i z i n g  such 
f l u i d s  as water  and o i l ,  h o t  wax and water,  h o t  o i l  and water,  LN2 and 
kerosene, e t c .  
It was shown, t h a t  i n  t h e  e a r l y  stages o f  t h e  mixing, these f a c t o r s  
have a va lue near one f o r  t h e  volume as parameter and thus t h e  s p i l l  o r  
mix ing  f u n c t i o n  x i s  i n  t h i s  range the  normal ized parameter. 
Th i s  method a l l ows  the  s tudy and p r e d i c t i o n  o f  t h e  m ix ing  f u n c t i o n  
as i t  occurs i n  the  ac tua l  l i q u i d  p r o p e l l a n t  explos ions through i n e r t ,  
non-dest ruct ive experiments, which are ab le  t o  p r e d i c t  t he  ac tua l  
phenomena. 
The m ix ing  f u n c t i o n  can thus be determined f o r  t h e  r e a l  m i s s i l e  
w i t h o u t  producing ari exp los ion  o n l y  by running mode o f  f a i l u r e  s i m u l a t i o n  
experiments. 
s ince hydrodynamic s c a l i n g  has been proven i n  many f i e l d s  as v a l i d .  
Furthermore these experiments do n o t  have t o  be f u l l  sca le  
The approach and t h e  m ix ing  func t i ons  obta ined i n  i n e r t  l a b o r a t o r y  
experiments on small  c o n f i g u r a t i o n s  was subs tan t i a ted  by ac tua l  l i f e  
t e s t s  under p r o j e c t  PYRO. 3 
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While the complete f t l n c t i o n  could be obta ined i n  the  i n e r t  
experiments o n l y  the f i r s t  p a r t  o f  the curve could be obta ined i n  the  
l i f e  t e s t s  s ince  a u t o - i g n i t i o n  and de tona t ion  terminated t h e  m ix ing  
process and exp los ion  phenomena took over,  
- b, Experimental I.lethods f o r  -I Obtain ing the  f l i x i n g  Funct ion 
Four methods have been developed i n  connectior: w i t h  the  o v e r - a l l  
systemat ic approach t o  implement t h e  execut ion,  
a1 low the de ta i  l e d  s tudy o f  t h e  m ix ing  process and phenomena producing 
the  m ix ing  f u n c t i o n  o f  l i q u i d  p r o p e l l a n t s  and have been used w i t h  
g r e a t  success. 
t o  t h e  same experiment, these methods have independent ly produced r e s u l t s  
which are i n  e x c e l l e n t  agreement, 
These f o u r  methods 
I n  t h e  p r e l i m i n a r y  s tud ies ,  o f t e n  app ly ing  two methods 
Tiiese methods are:  
- F i  lm Analys is  - 
A h igh  speed photographic technique g i v i n g  by use o f  m i r r o r s  a 
three-dimensional p i c t u r e  of t h e  m ix ing  process on t h e  same f i l m  frame. 
Special  ana lys i s  o f  these frames as t o  m ix ing  p r o f i l e ,  m ix ing  volume, and 
modi fy ing f a c t o r s  a l l ows  the  determinat ion of con tac t  area, degree o f  
mixing, e t c ,  
Wax Cast Analys is  
By use o f  h o t  wax and c o l d  l i q u i d s  t h e  m ix ing  process can be " f rozen"  
a t  d i f f e r e n t  stages o f  t h e  m ix ing  by  va ry ing  t h e  h o t  and c o l d  temperatures. 
The " f rozen"  s t a t e  o f  t he  m ix ing  process can then be s t u d i e d  a t  l e i s u r e  
a t  any t ime l a t e r .  
by p r o j e c t i o n  o r  coa t ing  methods; they can be s e r i a l l y  sect ioned t o  g i v e  
the t o t a l  con tac t  area, volume, mod i f y ing  f a c t o r s ,  and so on. 
These casts can be analyzed as t o  p r o f i l e  ou ts ide  area 
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V i b r a t i o n  N i x i n g  Analysis - ---- 
This method consis ts  o f  mounting a pa r t i cu la r  configuration on a 
vibration tab le ,  simulating the various propellant components by pa r t i c l e s  
of  d i f f e ren t  c o f o r ,  s i z e ,  dens i ty ,  shape, e t c . ,  and by p a r t i a l l y  o r  
completely shaking the syjtein t o  inake these sol i d  pa r t i c l e s  behave l i k e  
l iqu ids .  Flotat ion o f  these pa r t i c l e s  w i t h  a i r  or other  gases can make 
them flow from simulated rocket tanks l i ke  the corresponding l iqu ids  
would. 
configuration (or any other desired s imulat ion) ,  the components 
will  mix  and the degree of  m i x i n g  can be checked per iodical ly  a t  
desired locat ions.  
removing programmed quanti t i e s  or numbers o f  pa r t i c l e s  a t  desired locat ions 
When reaching the vibrat ing base o f  e i t h e r  plane or launch pad 
Evaporation o r  other losses can be simulated by 
and prescribed in t e rva l s .  
The a rb i t r a ry  t i n e  sca l e  o f  the vibrat ion analysis  i s  correlated 
t h r o u g h  theoret ical  calculat ions or l i q Q i d  ca l ibra t ion  experiments. 
Thermocoup!e Gr id  Analysis 
This method of analysis  employs a three-dimensional gr id  of f ine  
thermocouples w i t h  each junction b e i n g  monitored continuously* The 
t races  give information regarding the mixing f r o n t ,  the degree of 
m i x i n g  a t  a pa r t i cu la r  point ,  the degree o f  turbulence a t  a point ,  the 
location of the point or points of i g n i t i o n ,  the time delay from the 
s t a r t  o f  mixing (or time o f  f a i l u r e )  t o  ign i t i on ,  the propagation o f  
the reaction front, the propagation o f  the shock f r o n t ,  the separation 
o f  the  shock front froni the reaction f r o n t ,  and so f o r t h .  
This method i s  ce r t a in ly  the most powerful of the four s ince i t  
d i r ec t ly  r e l a t e s  the mixing phenomena w i t h  the  y i e ld  obtained a l l  i n  
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one and the  same experiment. 
than t h e  others.  
It i s  however, cons iderably  more expensive 
Ins t rumen ta t i on  f o r  h igh  speed mon i to r i ng  o f  t h e  i n d i v i d u a l  j u n c t i o n s  
i s  expensive and t h e  r e d u c t i o n  of t h e  data obta ined time-consuming. 
However, t h i s  thermocouple g r i d  method i s  capable o f  t a k i n g  measure- 
ments i n  l i q u i d  p r o p e l l a n t  m ix tu res  f rom t h e  s t a r t  o f  f a i l u r e  up t o  
and a f t e r  i g n i t i o n .  
boundaries o f  t h e  p r o p e l l a n t  c o n f i g u r a t i o n ,  i n f o r m a t i o n  can be obta ined 
as t o  f i r e b a l l  growth r a t e ,  ex ten t ,  temperature, shock wave s t reng th ,  
I f  t h e  g r i d  i s  extended beyond t h e  o r i g i n a l  
shock wave v e l o c i t y ,  and so on. 
More d e t a i l  and some o f  t h e  r e s u l t s  
presented i n Appendix B- I I I. 
The analyses undertaken more recen t  
o f  t h e  f o u r  methods 
y have used t h e  mix 
a re  
ng volume 
as t h e  m i x i n g  f u n c t i o n  parameter, m o d i f i e d  by the  va r ious  f a c t o r s  
mentioned e a r l i e r .  A c t u a l l y  d u r i n g  the  t ime i n t e r v a l  o f  g r e a t e s t  
i n t e r e s t  these f a c t o r s  have a value near 1 so t h a t  t h e i r  ac tua l  value 
d i s t r i b u t i o n  i s  mos t l y  academic. 
f u n c t i o n  curve r a t h e r  e a r l y  i n  i t s  h i s t o r y  so t h a t  o n l y  t h a t  p a r t  i s  of 
importance i n  p r e d i c t i n g  the  volume mixed and thus t h e  expected y i e l d .  
A u t o - i g n i t i o n  terminates t h e  m ix ing  
Four cases a re  presented here f o r  which t h e  m i x i n g  f u n c t i o n  was 
determined and f o r  which t h e  r e s u l t s  a t  l e a s t  i n  t h e  beginning stages 
could be checked a g a i n s t  ac tua l  l i v e  t e s t s .  
ADL J Tes t  Ser ies 
These t e s t s ,  t h ree  i n  number i n v o l v e d  about 44,000 l b  o f  p r o p e l l a n t s  
each which were poured toge the r  f rom tanks, spaced on a ci.':le 120" a p a r t  
so t h a t  t he  LH2, t h e  LOX and the  RP-1 s p i l l e d  i n t o  a splash area i n  the  
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center. 
resulting yields were measured. Calibration experiments of the flow 
from the tanks gave some information as t o  the quantities i n  the spil l  
area a t  the time of ignition. 
Auto-ignition occurred in a l l  three experiments and  the 
This arrangement was simulated i n  the laboratory with the vibration 
mixing analysis and the mixing function curve which resulted i s  shown 
in F i g .  II-5A. 
The s ta t i s t ica l  variakion in repeated simulation experiments i s  
i ndi cated. 
S-IV Explosion .- Experiment (PYROL 
In this experiment a S-IV configuration was taken f i l l ed  with 92,800 
lb  of propellants (LHz/LOX) and then a ram fired from the bottom t o  cut 
an eighteen inch hole into the common bulkhead between the LH2 and the 
LOX. 
stopping the mixing process and detonating the propel 1 ants. 
200 m i  11 i -seconds a f te r  the ram was f i red, auto-i gni t i  on occurred 
This type or mode of failure was again sir;:ulated in the laboratory 
The mixing function for w i t h  a three inch diameter t a n k  configuration. 
this  case i s  presented in F i g .  II-5BY showing the point a t  which the 
actual 1 ive experiment was terminated by auto-igni tion. 
The double hump of this mode of failure i s  typical since a slug 
of  the upper fluid f a l l s  i n t o  the lower one penetrating t o  a maximui,t then 
retracts somewhat and then surges again. 
a l l  failure modes of this  type. 
This behavior was observed in 
The very eat-ly auto-ignition showed again t h a t  relatively l i t t l e  
time was available for the mixing process t o  occur. Also noteworthy 
i s  t h a t  the mixing function never reached a very high value, never 
excleeded abou t  17 percent. 
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25,OOQ. i b  Explosion Experiments (PYRO) 
These experiments were_carr!ed aut under project PYRO b u t  were 
carefully instrumented by Dr. Farber’s group w i t h  thermocouple grids 
inside the RP-1 -tanks. Measurements, believed t o  be the f i r s t  o f  this  
kind, were taken and inforination obtained on the mixing phenomena, 
the i g n i t i m  phenomena, shock w&G and reaction front behavior. 
results are presented in detail i n  Appendix C-V. 
The 
Since again autw-ignitian occurred i n  the two experimerts 540 
and 580 mi 11 i -seconds a f te r  i n i  t i  at! on of  the fa i  1 ure respecti vely , 
relatively l i t t l e  time aas available for the mixing which could n o t  
proceed to  its maximum potenkiaf . 
Again t h i s  made was .sr’aiulated i n  the laboratory w i t h  a 1 1/2 inch, 
a 3 i nch  and a 6 inch configuration g i v i n g  essentially the sane results,  
presented i n  F ig .  II-56. Again the characteristic double hump can be seen. 
200 l b  Cold Flow and Explosion Experiment 
A t  the end o f  the PYRO project series a 200 l b  LOX/RP-1 system was 
instrumented and a glass diaphragm i n  the common bulkbead broken just 
l ike i n  the 25,000 l b  experiments. Auto-ignition d i d  not occur, as i s  
usual w i t h  these small e r  quanti ties, and the m i  xi ng process was fo l  1 owed 
f o r  73 seconds a t  which time, w i t h  the mixing essentially stopped by solid 
RP formation, the mixture was detonated by two explosion bo l t s .  
T h i s  t e s t  was similar t o  the 25,000 l b  experiments, b u t  w i t h  
i g n i t i o n  controlled and much la te r  i n  the process. The mixing progressed 
t o  a higher peak value t h a n  the 25,000 l b  experiments and then dropped 
w i t h  relatively small fluctuations superimposed, very similar t o  the 
S-IV curve. Fig. II-5D. 
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C.  Expected Yield as a Function o f  TSme (Chart 6)  
Taking the yield potential curve for  a particular fa i lure  mode and 
plying i t  by the mixing function results i n  the expected yield 
curve, indicating what yield one could expect a t  any time t a t  
which i g n i t i o n  occurs. 
F ig .  II-6A gives the Expected Yield curve for  the ADL 3 series 
experiments. 
was delayed an appreciable amount. 
Experiments analyzed for Fhich ignition, (auto-igni tion) 
From a l l  the work and the Yield Potential curves, the Mixing 
Function curves and the resulting Expected Yield curves i t  i s  seen that 
the expected yield s t a r t s  a t  zero a t  time zero ( i t  may remain there 
for  some time until the propellants come together and s t a r t  to mix) then 
increases reaching a maximum and then decreases again w i t h  time. How 
h igh  the maximum i s  depends upon the mode of fa i lure  and the violence w i t h  
which the propellants are brought together. 
Fig. II-6B gives the expected yield-time curve for the 200 # L02/RP-! 
cold flow and explosion experiment. 
D. Delay and Detonation Times 
From the above work the Expected Yield curve was obtained g i v i n g  
information on what to expect a t  time t when ignition and subsequent 
detonation occurs. 
Yield is found and the objective o f  this study obtained. 
If  this time can be pinned down then the Actual 
The simplest case i s  the one where i g n i t i o n  i s  ini t ia ted under 
controlled conditions by i g n i t i n g  the propellant mixture a t  will .  
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I n  this manner any desired yield can be obtained up  t o  the maximum for 
the particular mode of fa i lure  involved. 
This was done i n  some of the small scale ADL and small scale 
PYRO experiments. As soon as the quantities get larger controlled 
i g n i t i o n  becomes more and more diff icul t  and auto-ignition phenomena 
take over. Some of this  will De discussed i n  more detail below. 
1. Ignition 
a. Sources 
There are many phenomena which can act  as i g n i t i o n  ini t ia tors .  
I t  i s  obvious thct  i n  a rocket fa i lure  there will or may be hot 
surfaces or even flames or  f i res .  
Due t o  the collapse o f  the structural system fall ing members have 
enough energy and may through impact or by striking sparks when scraping 
other members, i g n i  t e  the propel 1 ants. 
Fluids which are good insulators when flowing across each other or 
sol i d  surfaces can produce tremendous electro-static charges, which when 
discharging can easily ignite a combustible mixture. This particular 
phenomenon has bean investigated i n  detail and is  described below. 
Crystal fracture of the thermally stressed solids formed by 
freezing the RP or  even LOX when cracking release enough energy t o  act 
as an i g n i t i o n  source. 
Silent glow, slow reaction between fuel and oxidizer may produce 
a hot spot setting off the mixture. 
Phase changes may produce i n i  t i  a t i  on centers (bubb l  e compression, 
e tc . )  to s t a r t  detonation i n  the stoichiometric mixture. 
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Many others could be named b u t  the above are  considered the most 
l ikely ones and any one of them will certainly be present i n  an  actual 
mi ss i  1 e fai  1 w e .  
Electrostat ic  Charge and Voltage Generations 
This source is considered the most 1 i kely one since i t  is  produced 
by the mixing  propellants. 
considerable differences i n  temperature the m i  x i  ng process is very 
violent producing h i g h  voltages and rather large charges i n  very short 
time. 
Especially w i t h  cryogenics which exhibit  
2 Laboratory experiments w i t h  small quantit ies of RP-1 and LN 
indicate that  charges large enough and voltages h i g h  enough t o  cause 
sparking and then ignition can easi ly  be produced by the mixing process. 
According to  the l i terature18 i n  unusual cases hydrogen has been 
Usually i t  takes more and 
Some authori t ies  according 
ignited by 1300 volts and 0.2 milli- joule.  
voltages of 14’,000 and 20,000 are quoted. 
to  the above source consider i t  necessary to  have an e l e c t r i c  f i e l d  
strength o f  76,000 vol ts/inch before sparking can occur. 
Using the laboratory resu l t s  which f o r  small quantit ies and 
bulkhead fa i lure  type experiments are presented i n  F i g .  11-7 f o r  voltages 
11-8 for  charges, approximate c r i t i c a l  mix masses produced and i n  F i g .  
can be calculated. 
For LOX/LH2 (we 
under unusual condi t 
2800 lb  for LOX/RP-1 
average spark gap o f  
g h t  ratios 5 to  1 )  this could be as l o w  as 13 l b  
ons b u t  average about 2300 l b  for  LOX/LH2 and about 
(weight r a t i o  2.25 to  1 ) .  These resul ts  assume an 
a b o u t  l / 4  inch which i s  the average bubble s ize  
as determined i n  e a r l i e r  experiments. 
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I f  the above resu l t s  are assumed t o  be appl icable,  one can estimate 
the average expected y i e l d s  f o r  such fa i l u res ,  obta in ing about 3 
percent f o r  “,e S - I V  PYRO experiment and about 11 percent f o r  the 
25,300 1 b LOX/RP explosion experiments. 
b. Propel lant  Type 
As was already mentioned i n  p a r t  (a)  the charac ter is t i cs  o f  the 
p a r t i c u l a r  propel lants  have a pronounced in f luence upon the resu l t s .  
The example c i t e d  above shows t h a t  i t  i s  much easier t o  i g n i t e  and 
produce detonation i n  a LOX/LH2 mixture than i n  a LOX/RP-1 mixture.  
Some propel lants ,  one might say, have t h e i r  i g n i t i o n  sources b u i l t  
i n ,  Cuch as hypergol ics which i g n i t e  upon contact  (more accurately a 
v e r j  shor t  and essen t ia l l y  constant t ime a f t e r  contact ) .  
c. Propel lant  Quan t i t y  
As a lso  already discussed above the i g n i t i o n  seems t o  be de?endcnt 
upon the quan t i t i es  o f  propel lants  involved. The ADL experiments, the 6 
PYRO p ro jec t  experiments13 and actual  1,iquid p rope l lan t  rocket  f a i l u r e s 2  
demonstrated t h i s  fxt. 
It seems possible t o  cont ro l  the i g n i t i o n  of s m a l l  quant i t ies  using 
any o f  the many ava i lab le  i g n i t i o n  methods but  one seems t o  tx unable t o  
do t h i s  w i t h  large quan t i t i es  o f  propel lants  due t o  the phenomena o f  
au to- ign i t ion .  There seems t o  be a c r i t i c a l  mass (ac tua l l y  a ral‘ige o r  
t r a n s i t i o n  zone) below which cont ro l led  i g n i t i o n  i s  p6ssible and above 
which auto - o r  s e l f  - i g n i t i o n  occurs. 
2. Delay Time 
a. Propel lant  Type 
How l a t e ,  a f t e r  the fue l  and ox jd i ze r  come together-, ign . i t ion  occurs 
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depends upon the type o f  propel 1 ant. i-r: pergo7 i cs w i  11 j n i  t i  a te  their  
own ignition soon af te r  they come i n  contact and their  behavior upon 
mixing en ' . predicted better. Cryogenic propellants, on the other 
hand, w i  . ; . l i b  w i t h  a rmdow ime delay, a t  least  in the quantities 
actual ly encountered. Estimates regarding this time delay are 
possible 'in terns of the mixing voluine as described under ignjtion. 
with small quantities does i t  seem possible to  contra1 the time delay. 
Only 
b Propel i ant Quanti  ty 
A l l  the phenomena are interwoven, so that s i n g l i n g  out any one 
parameter is  next to  impossible since the others effect  it. So is  i t  
w i t h  propellant quantity. Bypergolic propellants will i g n i t e  w i t h  a more 
or less f ixed time delay independent of the quantity involved. Cryogenic 
propellants have different character!stics so that  the tinie delay can be 
control 1 ed for small quanti ties of propel 1 ants b u t  the del ay' tirae is  
se t  by the auto-i --;tion phenomena when large quantities are involved. 
c. b?c& of Failure -
The mode pf failure i n  p r o d x i n g  or effecting the yield from liqul 'd 
rocket propellant explosions will deternine how violently tf 
are brought together. 
where the delay time is essentially fixed, how much o f  the fuel and 
oridizer can be mixed i n  the time interval from contact to ignition is  
rletemin2d by this mcde of failure. 
cxur  w i t h  more violence so  t h a t  a nose impact will generally give a 
greater explosive yield t h a n  a s!mple bulkhead failure.  
wopellmts 
Wi th  propel 1 ants o f  hypergol i c characteri st i  cs , 
I t  is obvious that more mixing will 
Wi th  cryogenic propellants, where the time delay is  more random, 
the same basic c r j te r ia  exists.  The w.re violent failures will produce 
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more mixing  during the time delay than less vigorous action. The delay 
time i t se l f  may be effected by the mode o f  fa i lure  occurring often 
ear l ie r  i n  more violent mcdes of failure,  siace generally more ignition 
sources are produced by this action 
One can also conceive the case 
does- n o t  allow the propellants to  m 
_i 
- tank ruptures. 
where a particular mode of fa i lure  
x such as if only l e t  us say a fuel 
The configuration of the missile has a pronounced influence upon 
the delay time since i t  may take a relatively long time before the 
propellants even come together. Such may be the case i n  a t a l l  rocket 
if the propellant tanks rupture w i t h  fuel flowing out on one side and the 
oxidizer on the other. 
t o  reach the ground and then more time for  them to  flow together. A l l  
this has to  happen before they can mix. 
I t  w i l l  take considerable time for the propellants 
-- 3. Detonation Time 
I s  defined here as the time i t  takes a f te r  ignition u n t i l  detonation 
waves are formed. I t  again depends upon many factors. Some materials 
only produce deflagration phenomena while others almost instantly form 
detonation waves. Again the characteristics of the propellants involved 
and the ignition source or lrethod must be taken into account when 
considering this very involved question. 
The Dureau of Mines has some publicationsl' which discuss these 
phenomena i n  greater detail .  
E. Actual Explosive Yield (Chart 7) 
The actual yield can be found from the expected Yield-Time 
relationskip (chart 6 )  i f  the ignition time i s  known. The i g n i t i o n  
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time can either be controlled (only possible w i t h  small liquid 
propellant quantit ies),  have a more or less fixed time delay as w i t h  
Hypergolics, or be a random function as w i t h  cryogenic propellants. 
The termination of the expected yield - tinie relationship i s  the 
actual yield and this p o i n t  can be determined i n  terms of tne ignition 
time or i n  terms of the volumes mixed which most l ikely will produce 
auto-igni tion. 
1.  ADL J Series Spill Tests 
These experiments involving about 44,000 1 b of LOX/LH2/RP-1 
each are represented by Fig. 11-9 the expected yield - time relationship. 
Since the times o f  ignition were known for these experiments they could 
be marked upon the curve, dete, lined by small scale labora5ory 
experiments, as termination p o i n t s  o r  actual yields as predicted for  
mch of the tests. 
The actual yields as obtained experimentally by the J tests are 
marked as triangles on the graph and i t  is shown that  the agreement between 
predicted and actual results is good. 
The average ignition time from the three t e s t  was calculated and 
the standard deviation and the two sigma confidence region indicated. 
Agreement between the predicted expected yield curve and the 
experimental results can only be checked up t o  J1 b u t  since i t  i s  good 
up t o  this p o i n t  i t  is believed that  the prediction relationship is  also 
valid throughout the remainder of the range. 
2. 25,000 l b  Explosion Experiment Series 
Two 25,000 l b  LOX/RP-1 exberiments carried o u t  under project PYRO 
were instrumented by Dr. Farber's group w i t h  a thermocouple gr id  inside 
the iiP-1 t ank .  This instrumentation allowed the determining of the illixing 
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region as a function of time up to the p o i n t  of ignition. 
Due t o  the relatively early ignition (auto-ignition) i n  b o t h  of the 
instrumented experiments only the very f i r s t  part of the mixing  and thus 
expected yield curve could be obtained. The results however agree well 
w i t h  the mixing curve determined by 1 1/2 inch, 3 inch and 6 inch simulation 
experiments us ing  Kerosene and LN2. The mixing curve for these 
simulation experiinents was presented i n  Fig.  II-5C. Since the modifying 
factors i n  the early stages of the mix'ing process are essentially one the 
mixing curve actually represents i n  this range the expected yield - 
time -relationship. 
T h i s  curve indicates that  for  this mode o f  fa i lure  the yield would 
not have exceeded about 30 percent, w i t h  the peak values reached w i t h i n  
the first three to  four seconds. 
3. S-IV Explosion Test 
The S-IV tank configuration tested under project PYRO produced a 
yield of about 4 percent. 
relationship was shown as determined for  this configuration i n  the 
Earlier i n  Fig. II-5B the mixing time 
laboratapy. Again since ignition (auto-igni tion) occurred early, and 
since the modifying factors up to ignition, are near one, the f irst  part 
of the mixing curve is  identical w i t h  the expected yield - time relation- 
s h i p  and the actual yield p o i n t  can be plotted on it .  
Studying this curve i n  greater detail i t  can be seen that based upon 
the model study the explosive yield would never have exceeded 16 percent 
no matter when ignition would have occurred and again that the peak 
values o f  yield would have occurred dur ing  the f i r s t  four seconds. 
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4. 200 lb  Cold Flow-and Explosion Experiment, LOX/RP 
This controlled i g n i t i o n  experiment, since i t  went for 73 seconds 
before i g n i t i o n ,  required the determination of  the expected yield - versus 
time curve since the modifying factors deviate from their  early value of 
one. Fig.  II-6B gives this relationship. 
Seventy-three seconds a f te r  the f i r i n g  of the ram and when the 
mixing process was essentially completed (RP-1 slush formation) the 
mixture was fired w i t h  two explosion bolts. 
The actual yield value as predicted from the simulation curve and 
the known time of ignition is  about 0.14. The value obtained by actual 
measurement is  estimated a t  Q.12. The above results indicate that  -the 
agreement between prediction and actual experiment : is very good. 
The above analysel; were made by having the prediction curve 
obtained by small scale experiments and an anchor point for  the prototype 
which can be superimposed upon this curve t o  g ive  the corresponding 
time seal(-. 
For the ADL J series spill tes t s  the time scale was determined from 
calibration runs. 
data obtained from the thermocouple g r i d  gave the p o i n t s  corresponding 
t o  the mixing function obtained by the small ::ale experiments. 
S-IV experiment t t - 2  knowledge obtained from the 25,000 It1 experiments was 
used, namely that the yield is i n  the early stages proportional t o  the 
volume mixed, and having the yield tire p o i n t  on the mixing function curve 
For the 25,000 l b  LOX/RP explosion experiments the 
For the 
could again be plotted. 
In addition to  the above an analys 
times o f  the various sizes involved for 
k r  three respective normal i zed 
s was made as t o  the rf.\lative mixing 
the bulkhead type fai lure  and tLL 
mi xi  ng vol umes are plotted against 
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the weights invol1;ed. Fig. 11-10, The relationship i s  not  simple and 
y varies depending upon the percentage mixed b u t  can be used for actual 
approx 
better 
mate scaling times. A reference p o i n t  on the prototype i s  a 
piece of information. 
Closure 
In Part I1 of this  report i t  was demonstrated how the Yield Potential 
can be obtained for a particular configuration and mode of failure,  how 
the mixing function can be found and how these two curve:; can be combined 
to give an expected yield - time relationship. 
Then i t  was shown how the actual yield can be obtained from a 
knowledge of the i g n i t i o n  time or the range w i t h i n  which the i g n i t i o n  time 
will f a l l .  
or volume or mass mixed which is  most likely t o  be ini t ia ted by electro- 
s t a t i c  phenomena can be estimated. And l a s t  b u t  not least  a time scale 
relationship is  presented. 
If this information i s  not available the mixing function 
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Part  I11 
Fireball Hypothesis Describing the Reaction Front  ahd Shock Wave 
Behavior i n  Liquid Propellant Explosions. 
Introduction 
Part I1  of this  report dealt with the c r i te r ia  which have t o  be known 
for the prediction o f  the explosive yield from liquid propellant 
explosions by the "7 Chart Approach." For this purpose the problem 
was divided into three parts, the investigation of the Yield Potential, 
the Mixing Function and the Ignition Time. The knowledge o f  these three 
c r i te r ia  made i t  possible t o  estimate the actual explosive yield. 
For the above results the information as to  where ignition occurred, 
a t  how many po in t s ,  how af ter  ignition detonation waves were formed and 
a t  what velocities these waves or fronts moved throudh the propellants 
or emerged f r o m  the rocket tanks, what and how large a fireball  Wac formed, 
etc.  was n o t  needed. 
Fi reball Hypothesis 
In th i s ,  the t h i r d  par t  of the investigation, some Qf these factors 
are looked a t .  Since l i t t l e  information w c i  available a t  the time this 
investigation was started,  a f ireball  h$pothesis was developed and 
presented as shown in Appendix B-11. 
The phenomena were divided into four regions which together form th,e 
f i  reball hypothesis. These four regions are : 
1. The region where ignit@on prodwes phenomena which develJ1 
into the detonation phenomenon. 
11. The region where the reaction front and the shock front 
travel through the propel 1 ants, 
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111. The liquid propellant-air interface - actually the region 
where the liquid boundary begins t o  move and where the reaction front 
forming the fireball and the shockwave wave separate. 
IV. The region i n  which the shock wave travels th rough  the 
atmosphere as an a i r  shock and where the fireball  grows and develops 
separately behind the shock wave. 
To get an idea of what results the fireball  hypothesis predicts 
one should turn t o  Fig. 6 of Appendix B - I 1  where the hypothesis i s  
described i n  detai l .  
Characteristics o f  the Fireball Hypothesis 
The fireball hypothesis predicts a very rap id  r i se  o f  pressure, temperature 
and velocity a f te r  i g n i t i o n .  Due t o  ccnfinement, by the propellants 
surrounding this  region which are not  m-ixed and the t a n k ,  a peak i s  
reached, and then because of lessening of confinement as the phenomena 
travel toward the surface, attenuation of pressure, temperature , and 
veioci.t..y occur. 
in the combustible mixture may separate when entering the unmixed liquid 
The shock front and reaction front traveling together 
regions, generally with rather a b r u p t  changes in their  properties. 
When reaching the liquid propellant or different phase interface, 
the t a n k ,  or the a i r  interface, jumps in velocity and  the other properties 
occur due t o  the change i n  density of the carrier media. Once i n  the 
a i r  the shock wave will travel away from ground zero, and some distance 
behind, the reaction frsnt  will form the fireball  and l a te r  the combustion 
products cloud. 
For greater detai 1 the reader i s  referred ts Appendix B-11. 
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A t  the time this  hypothesis was proposed i t  was n o t  known whether 
and how soon i t  would be possible t o  carry o u t  experiments which could 
lead t o  verification or modification of the fireball  hypothesis for 
the various regions. 
Proposed Verification of the Fireball Hypothesis 
LZtPh'fon in the performance of this project, in connection with Part  
11, i t  was proposed t G  instrument some of the explosion experiments 
carried cilt under project PYRO and t o  get as much information as possible 
t o  substantiate this  hypothesis. 
I t  was hoped for ,  by employing the methods developed - especially 
the thermocouple grid analysis, t o :  
1 .  Correlate t h e  mixir.3 phenomena of true propellants w i t h  
laboratory experiments employing inert  fluids for sirnulatibn. 
2. TQ substantiate experimentally par t  or a l l  of the "Fireball 
Hypothesis" proposed ear l ier  in this  study. 
The specific objectives were t o  determine by this experimental 
procedure par t  or a l l  of the following:- 
After fa i lure  b u t  before ignition: 
1. 
region. 
2 ,  
3 .  
After ignition: 
4. The location of the point or points of ignition. 
5. The time delays from init iation of failure t o  start of mixing, 
t o  ignition. 
The thrre dimensional mixing front or boundary of the mixing 
The degree o f  mixing a t  a particular point. 
The degree of turbulence a t  a particular point. 
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._%. (he p r o p a g a t i o n  of the reaction f , o n t  
7 .  
8. The separation of the shock fronL p f .  + ! , a :  reacl. !',:' f v - : a i . .  
Y. Other phenomena and events d l t a i n a : : I  :$y detaile.1 G ! - I ~ ? ~ T :  .;. 
The propagation of the shock fr?::?,  
No. 36 gage copper-constan. ::nern;ocouples , she1 lacked .?i-id teflon coated, 
were excel lent .  The j u n c .  ' i . ~ , s  o f  ihe thermuzouFles ~e=_rt? prqared by 
welding the wires trrcttier sc t h a t  the junctio!: ./as not: d5;tinguishable 
fr0i.r il i t :  rest  of the wire. The thermocouple eqds wix tix:; pit into 
small plast ic  tuSes with only the j u n c t i o n  p r o t r u d i n g .  Thiq allowed 
mounting o f  the Lhernlocouljir::, atid :t. the same lime gave support t o  the 
junctions. 
The response o f  these fine tli:.rmocouples bt +ween room temperature 
and Lid boiling temperature (-321' F )  i s  abou:; i3.0002 sec/F. 
greater temperature impulse the rate would even hi: ;i?gher. 
Nith a 2 
I t  should be pointed o u t  here t h a t  only i n  ( 2 )  wid (3 )  of the above 
proposed verification l i s t  do the thermocouple response characterist ics 
have to  be considered. 
are needed. 
J n  a l l  other cases only relative timr diffe.ences 
For t'ie coqfiguratim 4 - t a i l  a i td  execliLion o f  tli? expriments the 
reader i s  referred to  the Appendix C .  
configurption i s  shown, a photograph L ,  a therm0cni.l;~~ - ,,resented, the 
thermocouple positions pinpointed and the thertiiocoizple g ? i d  shown as 
i n s t a l l d  i n  the 7 8  inch diameter t a n k .  
In this referr?tire the tankage 
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Some of the traces obtained from the 25,000 l b  LOX/RP experiments 
No. 278 and No. 252 are shown. These two experiments proved to  be 
amazingly a1 i ke, truly reproducible i n  every respect. 
Experimental Results and Analyses 
Careful analysis o f  the data showed among the many important results: 
Mi x i  ng Vol ume. 
Practically a l l  the mixing up t o  the time o f  i g n i t i o n  was confined 
t o  the volume swept through by the s t a r  cutter. Not much mixing 
occurred a f te r  i gni  t i  on. 
T h i s  volume as determined from. the data for  the two 25,000 l b  LOX/RP 
explosion experiments was about '12 percent of the to ta l ,  based upon the 
RP, g i v i n g  an upper yield estimate of about 12 percent o f  the theoretical 
Maxi mum. 
Ignition P o i n t  
In.both the 25,000 lb LOX/RP experiments there was only one ignition 
p o i n t  in each case.. The location of i t  was determined and turned o u t  
t o  be i n  almost the same location for both experiments. 
6B i n  Appendix C .  After ign'ition occurred a t  one p o i n t ,  reaction and the 
other phenomena were so r a p i d  that  not  enough time seemed t o  be l e f t  for 
another ignition point t o  be formed. 
See F i g .  6A and 
Time Delays 
The time delays between various events can be determined from the 
traces. 
a milli-second. The time delay from fai lure  or f i r ing o f  the ram t o  
ignition in experiment 278 was 543 milli-seconds, and in experiment 282 
If projected on a screen these times can be read t o  a 1/1000 o f  
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i t  was 580 milliseconds (read t o  the closest milli-second. Greater 
accuracy can be obtsined if  desirable). 
F i l m  Speed Determination or Check 
To t i e  together the events inside the exploding liquid propellant 
tanks w i t h  events occurring l a t e r  outside i t  is essential that  both grouys 
of phenomena are based upon the same absolute time scale. 
of the phenomena such as the firing of the ram and the appearing o f  the 
Since some 
reaction front when breaking through the tank walls could be recorded b o t h  
by the thermocouple g r i d  and the h igh  speed film coverageg accurate film 
speeds could be determined. T h i s  proved t o  be essential for  the analysis 
of the phenomena from fai lure  t o  formation of the -combustion products 
cloud. 
Fine Structure 
Many of the phenomena can be interpreted from the over-all 
appearance o r  characteristics o f  the traces b u t  much more fnformation can 
be obtained by studying the fine structure o f  the high speed thermoco:ale 
traces. A t  least  three typfcal traces can be found.  They are 
schematically shown i n  Fig.  111-1. 
The fine structure o f  the traces reveals that  some o f  the glass 
fragments f rom the shattered diaphragm h i t  thermocouple junctions i n  the 
uppermost o f  the four layers, b u t  d i d  no t  damage them, so that the 
thermocouples recorded this and l a t e r  events. The glass fragments dic‘ 
n o t  penetrate dur ing  their  high energy s ta te  t o  tne lower layers sin(::: 
the attenuation in the liquid was too great. 
Fa’g. III*1 shows a trace where LOX arrives a t  the thermocouple, 
makes i t  dip, followed by the reaction front which produced a rapid r i se  
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i n  temperature. 
see LOX and they f irst  sense the reaction f ron t  w i t h  the rap id  r i se  i n  
temperature until destruction t h r o u g h  me1 t i n g  of the thermocouple occurs. 
The t h i r d  typical curve is the one where the thermocouple records the 
passing of the shock front and then the passing of the reaction front. 
The further from the mixed region i n  the inert  f luid the thermocouple 
was located the weaker was the shuck f r o n t  and the greater the time 
interval between the passing of the shock f ron t  and the passing of the 
reaction front, indicating ahincreasing separation o f  the two phenomena. 
Near the walls on some traces reflection of the shock f r o n t  from the 
tank walls i s  indicated. 
Some of  the thermocouples i n  the unmixed RP region never 
The interpretation of  this fine structure o f  the traces had t o  
be done w i t h  a knowledge of the respective location of the thermocouples. 
Some of this  was made more d i f f icu l t  by the added turbulence and 
short exposure t o  some small slugs of LOX which enveloped the thermocouple 
for very short times and the passage of bubbles which under compression 
indicate some heating. The rates o f  the changes, however, allowed 
interpretation o f  which phenomena were involved. 
25,000 l b  LOX/RP Explosion Experiment No. 278 
Experiment No. 278 was undertaken rather conservatively w i t h  the 
thermocouples placed so t h a t  they would have the best chance for 
recording and survival long enough. The recorders were operated a t  their  
maximum reliable speeds. 
could be obtained which has never been obtained before. 
In  this  manner i t  was hoped t h a t  some d a t a  
- 25,000 lb LOX/RP Explosion Experiment No. 282 
Experiment No. 282 was undertaken as an a l l  o u t  e f for t  t o  obtain 
the best possible da ta  accepting some risks. This was possible since this  
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experiment was or iginal ly  planned i n  case something went wrong w i t h  
experiment No. 278. 
Since excellent data was obtained i n  experiment No. 278 the 
thermocouples were moved closer t o  the ram and the recorders were 
operated a t  top speed i n  experiment, No. 282. 
have gone wrong i n  this test  the data of experiment No. 278 supplied 
a1 1 the information needed. Since everything worked Ferfectly however, 
i n  experiment No. 282 excellent data was obtained, very close t o  the 
s t a r  cu t te r  and i n  the mixing region and the resolution of the recorder 
Even i f  something would 
charts was a t  i t s  maximum. 
200 l b  LOX/RP Cold-Flow and Explosion Experiment 
ESsentially the same procedure was repeated f o r  a 200 l b  LOX/RP 
In this case the ignit ion could be controlled cold-flow experiment. 
and thus the complete mixing curve obtained f o r  comparison w i t h  the 
laboratory i n e r t  f lu id  simulations. 
completion, and se t t led  down t o  a more or  less  steady s t a t e ,  the system 
was ignited w i t h  two explosion bolts. 
on b o t h  the mixing process without ignit ion and then the phenomena recorded 
following controlled i g n i t i o n .  
After the mixing  had gone t o  near 
Information was thus obtained 
Results of the 25,000 'I b LOX/RP L i q u i d  PrGpell ant Explosion Experiment 
The resul ts  o f  the two 25,000 l b  experiments are  generally bet ter  
than the resul ts  of the 200 l b  experiment mainly because the distances 
between the thermocouples were greater giving larger time delay and thus 
bet ter  resolution for  analysis. 
The two experiments No. 278 and No. 282 turned out t o  be almost 
identical thus g i v i n g  a double check on some o f  the resul ts .  
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In b o t h  cases auto-igni t i o n  occurred, a phenomenon typical for 
large scale liquid propellant rocket failures for which information was 
t o  be obtained t h r o u g h  this study. 
The results for these experiments are shown in Fig. 111-2, 111-3 
and 111-4, g i v i n g  distance from pcint of ignition versus time for the 
shock wave and the reaction front, the velocities o f  these two phenomena 
versus time and distance from p o i n t  of ignWi-on. 
l i q u i d  propellant - a i r  interface were obtained by the thermocouple grid 
and the data outside the t ank  w i t h  high speed films. 
_- 
// - 
The d a t a  u p  tb the 
The absolute-time 
scale was obtained by observing events such-as Firing of the ram and 
emergence of the fireball w i t h  b o t h  measurements. 
- -  - .. - - -  
After i g n i t i o n  i t  is seen that the velocity of the reaction front 
increases very rapidly to  a velccity of between 7000 and 8000 fee t  per 
second. 
. .  . .  . .: 
These values are or may be low since they are averages between 
neighboring thermocouples With thermocouples closer together the 
variations could be determined better. The values obtained here are lower 
than those corresponding t o  the Von Neumann spike or the Chapman-Jouquet 
condition' b u t  they represent actual measurements. As the reaction 
front, by now s u p p o r t i n g  a shock front,  emerges from the mixed propellants 
into the unmixed RP, the velocities are attenuated Severely with the shock 
front separating from the reaction front. 
The shock f ron t  arrives sl ightly before the reaction front a t  the 
tank  wall, where giving off some energy producing an outward movement 
o f  the tank  wall i t  i s  reflected back toward, the reaction front. Meeting 
the reaction front i t  i s  again refllected outward toward the by now moving 
tank wall. Here the ear l ie r  process i s  repeated and the total phenomena 
repeated until f inally both  the'shock wave and the reaction front emerge 
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almost simultaneously from the t a n k  with jumps in velocity due t o  the 
decrease in density of the carr ier  medium and sudden loss o f  confinement. 
The shock wave or front reaches a velocity of about 27,000 f t /sec 
b u t  i s  attenuated within a very few feet .  The reactim front reaches a 
velocity of a b o u t  19,000 f t /sec also being attenuated rapidly, forming 
the fireball and then the combustion products cloud. 
Fig. 111-2 shows the distance from the point of i g n i t i o n  versus 
time. 
velocity changes occur and Fig. 111-3 show? t h e  velocity variation versus 
distance from the point of ignition indicating t h a t  the most severe 
conditions occur very near the expioding missile. 
Fig. 111-4 gives the velocity versus time showing how f a s t  the 
F i g .  8 of Appendix C shows the fireball  and the combustion products 
cloud volume as a function of time for b o t h  of these 25,000 lb liquid 
propellant explosion experiments. 
The Figures show clearly the shock wave getting ahead of  the reaction 
front inside the t a n k  configuration, then waiting th rough  energy transfer 
and reflection for the reactim front so t h a t  they break through the 
tank wail, which by this time i s  moving outwardS essentially together. 
After separating, the pulsations of the reaction front or fireball  are 
clearly shown in the velocity versus time presentation and l a t e r  in the 
fireball voluine versus time or distance presentation. 
200 lb Liquid Propellant Cold-Flow and Explosion Experiment 
The 200 lb liquid propellant coldiflow and explosion ex eriment was 
carried o;lt t o  f i r s t  determine the siml’larity between the mixing function 
obtained by real propellants and the simulated liquids used in the 
laboratory experiments. This similarity was established as shown in Part I: 
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As a bonus the final mixture was ignited w i t h  two ex3losion bolts 
so as to  give information on reactionfiont, shock front, f ireball  and 
. conibustion products cloud characteristics. 
The thermocouple grid installation was- identical to the one o f  
experiment No. 282 only smaller i n  size.  Half of the hig,i speed cameras 
were operated during and a f t e r  f i r i n g  of  the ram just i n  case auto- 
ign i t i on  should occur. Th i s  was not expected, since the probability 
for; this evect was -very low, and i t  d id  not  happen. The rest of the 
h igh  speed.came$as were started shortly before :'le controlled ini t ia t ion 
ki th  two expiosioi -bo1 ts .I
.~ 
- -  _. 
. . _- _ _  .~ 
The yesa$6froqt:$his test are presented i n  Fig.  111-5, 111-6, and 
the 25,000 l b  explosion experiment*- 
t h  shock wave and reaction front about 
t+&% the velocities outside the 
- .  . 
-=-< 
'the same-as in- 
i A@fn' h e  reflections were observ,d 
- ~~ .. 
b u t -  not: as c l ea r l i  si:nce 'the d i  
-.the resul tins -:resol u t i &  capiib ~. 
&f the reaction front or.. f i  repal I can -aga;;i-r-b& se%n. 2 
knd times were much smal ler and 
~ 
..3 : 
o t  "$S-boQg? . - Similar pulsations 
.- ~ . . - .  . -  - .  
; . ~  
' . -Fig. 111-8 gives the fireball  _and ~co~blls-'tion-.-products _. cloud volume 
. .  
. .  
1 . .  
-.'as: a function of  time corresponding to  the information presented for 
. 'the 25,000 1 IS experiments e 
.- 
- -  
€1 osure 
- I t  is believed that this investigation has added a number o f  new 
facts t o  t-he knowledge of liquid prope?lant explosions, has actually 
presenied measurements inside an exploding liquid propellant missile 
and -interpreted t h e  recorded d a t a  i n  terms of meaningful parameters. 
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Like always more knowledge opens up  more quastions and I: .rther 
investigation i s  desirable ebpecially near the wall of the tanks bo th  
inside and o u t  t o  gain information on exactly what goes on i n  th is  
cr i t ical  region I I I  of the fireball  hypothesis. 
Having obtained information for the characteristics o f  a 
particular type of bulkhead fai lure  by methods developed by this  
i nvesti gati on other types o f  fat  1 ures and propel 1 ants can be i nves ti  gated. 
The method of investigation has proved i t se l f  and the tools for such 
investigation are now avai 1 ab1 e .  
From the present work i t  seems that the reaction front and shock 
f r o n t  characteristics are a factor of the propellants involved, modified 
by scale. 
r 
Having deescri bed a number of the characteri sti cs of 1 i q u i  d propel 1 ant 
explosions from ini t ia t ion of fa i lure  t o  the formation of  a combustion 
products cloud i t  remains to  take a closer look a t  this cloud.  
The composition o f  tne combustion products cloud may become of 
importance when toxic propellants are used so that the hazards by such 
clouds to populations and plant l i f e  can be assessed. 
The analysis of this l a s t  remainder and a computerized method for 
finding the combustion products cloud composition w i  11 be presented 
i n  Part IV, the l a s t  p a r t  of th is  report. 
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Part  IV 
Fireball and Post-Fireball Combustion Products Cloud History and Composition 
Introduction 
After the detonation has occurred the behav or of the fireball  from 
the explosion which i s  formed and then gradually changes i n t o  a 
combustion products cloud i s  of importance. 
formed, what is  i t s  temperature and what are the pressures inside? To 
be able t o  obtain this  infomation the knowledge of how the fireball  comes 
about, how i t  cools and then changes i n t o  a combustion products cloud 
i s  essential. T h u s ,  i t s  behavior is  really one o f  the l a s t  groups of 
phenomena or processes i n  a series.  
How large a fireball  i s  
So for this  phase of the work the knowledge of  the fireball  and 
combustion products cloud, volume-time, pressure-time and temperature- 
time histories have been assumed known and then the composition of the 
combustion phenomena has been determined. The composition of the fireball  
and of the combustion products cloud are important as well as their  
interaction w i t h  the atmosphere, especially when toxic materials such as 
Flourine are used i n  the propellants. 
The volume-time, pressure-time, and temperature-time histories o f  
the explosion from liquid propellants were chosen as i n p L t  since they 
may be determined theoretical ly 2oy21 or may be measured i n  experiments 
thus giving a check on the theoretically determined information, w i t h  
i t s  s ta t i s t ica l  variations, etc.  
For this  investigation the best information available a t  th is  time 
has been used as input and t' 7 rather elaborate computer programs have 
been used in obtaining the desired results22. Homogeneity o f  the fireball 
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and of the combustion products cloud have been assumed i n  a l l  calculations 
and this  seems t o  be a reasonably good basis since the turbulence of the 
reaction processes i s  great enough t o  tend t o  mix the different 
products we1 1 . 
W i t h  the vol ume-time, pressure-time, and temperature-time h i  story 
available, the mathematical equations control 1 i n g  these processes were 
se t  up  and then computer solutions worked o u t  t o  give the desired results.  
Only a port ion of a l l  the information which was generated by this  
analysis i s  reported here b u t  i t  seems ample t o  show the method o f  
approach and the k i n d  of results which can be obtained. 
The fuel -oxi d i  zer combination chosen here as examples f o r  this  
investigation were ones which are used and some which may become 
important i n  the future devel ogment o f  1 i q u i  d propel 1 a n t  rockets. they 
are: 
RP-l/LFZ 
LH2/L02 + 1% F 
+ 5 % F  
+ 10% F 
RP-l/LO, + 1% F 
' + 5 % F  
-t 10% F 
LHZ/RP-1/LO2 + 1% F 
+ 5 % F  
+ 10% F 
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For the above combinations of  fuel and oxidizer, assuming a 
quantity of propellants of about 100,000 lbs ,  the resul ts  which are  a l l  
normal i zed are presented as fo l  lows : 
1.  Fuel consumption versus time 
2. Volume of  entrained a i r  versus time 
3, 
4. 
Bo th  the i n p u t  information as well as the resul ts  are  given i n  
Pdrtial Pressures (of combustion products) versus time 
Partial  volumes (of combustion products) versus time 
Partial  weights (of combustion products) versus time 
graphical form since i t  i s  believed t h a t  this method of presentation will 
give the maximum amount of information i n  the m i n i m u m  amount of space. 
I t  m i g h t  be mentioned t h a t  the method and computer program developed 
are rather general and by no means res t r ic ted  to  the above he l -oxid izer  
combination 
Theory o f  Approach 
E q u i  1 i b r i  um Comp i tion f Chemical Reactions of  L i q u i d  Propel 1 ants 
Taking Place i n  the Atmosphere. 
The purpose of this phase o f  the rebearch program i s  t o  theoretically 
determine the amounts of product gases formed, as a function of time, as 
the resu l t  of a reaction involving l iquid propellants and entrained a i r .  
This type o f  reaction i s  continuous since a l l  of the available fuel does 
n o t  react immediately and furthermore the result ing f i reba l l  (which grows 
w i t h  time as more fuel reacts)  continually entrains a i r .  Given the 
i n i t i a l  amounts of fuel and oxidant as well as the volume - time history 
of the f i reba l l  ( theoret ical ly  determined or  as observed from h i g h  speed 
fi’lms), equilibrium compositions can be determined. 
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The equilibrium composition for the system of n products of 
reaction i s  determined by the simultaneous solution of n+l equations 
consisting o f  the equations o f  mass balance, pressure balance and the 
dissociation equations involving equilibrium constantse 
Assuming a constant pressure process as well as an instantaneous 
reaction time and making use of ei ther theoretically obtained or experimentally 
determined pressure-time and temperature-time histories of the f i reba l l ,  
a solution i s  found such t h a t  the total theoretical volL':.!e of the 
products of reaction i s  made identiczlly equal to the total experimental 
Lolume by adjusting the fuel burning rate and/or adjusting the amount o f  
entrained air .  
a i r  entrainment exists until a l l  of the available fuel i s  burned. 
As a f i r s t  approximation, i t  is  further assumed t h a t  no 
To efficiently meet these demands, a computer program has been 
developed. The program i s  general b u t  limited here t o  the following reactants: 
liquid hydrogen, kerosene (RP-l), liquid oxygen, liquid fluorine, and a i r .  
Fifteen products o f  reaction were considered. 
The equations and method of solution follows. 
Control 1 iny Equations 
Symbol Descr 
. moles 
mol cs 
moles 
moles 
moles 
A1 
A2 
A3 
*4 
A5 
P t  
o f  
of 
of 
of 
of 
on 
LHZ 
Lo2 
F2 
RP-1 
a i r  
Reactant 
A1 H2 
A2CxH2x 
A4F* 
A3°2 
A5 (02 + 3.79 N2) 
4.79 
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The reactants  can then be w r i t t e n  as: 
Considsr. the  f o l l o w i n g  products o f  reac t ion ;  such t h a t  the r i g h t  hand 
s i d e  o f  th; e q u i l i b r i u m  equat ion i s  
where 
N = t o t a l  number o f  moles o f  products o f  r e a c t i o n  
P = t o t a l  pressure 
pi = p a r t i a l  pressure o f  i t h  product 
The unknowns are pi (i = 1 . . . 15) N. Hence 16 equations are 
necessary f o r  a s o l u t i o n .  The balance equations are:  
( a )  Pressl lre Balance 
I V - 6  
( d )  Nitrogen Bal ance 
1.584 A5 - N (2p4 + pg + P , ~ )  = 0 
(e )  Carbon Balance 
The above 6 equations can be reduced t o  5 equations by eliminating 
N . Since we will be d x i i n g  w i t h  hydrogen (ei ther  LH2 and/or KP-l)., 
P 
- N can be eliminated by d i v i d i n g  the 2nd equation i n t o  the l a s t  4 equations. 
P 
The 5 equations are: 
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where 
Y p . =  2(Al -+ A 2" ) 
Y3 = 1 . 584A5 '. 
Y4 = A2X 
-~ 
- - a  such that  p3 - K3p11 2 2H - + +I2 
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N + 0 4 1\10 such t h a t  pg - K p p = 0 (14) 9 12 15 
- K10P11P15 = 0 + t i  4 OH such tha t  pl0 (15) 
The equ i l i b r i um coe f f i c i en ts  Ki vary systemat ica l ly  w i t h  the 
temperature o f  the react ion.  
ca lcu la ted  a t  a p a r t i c u l a r  temperature and pressure, are formed 
instantaneously. Hence, one need only  so lve the above 15 equations f o r  
given values o f  P, T, and the amounts o f  reactants, t o  a r r i v e  a t  the  
equi l ibr ium- composition. 
It i s  assumed t h a t  the products o f  reac t ion  
Solut ion o f  These Equations 
Since the d issoc ia t ion  equations are non-linear, there ex i s t s  no 
d i r e c t  so lu t ion.  
" t r i a l  and error ' '  so lu t ion.  
The Newton-Raphson method i s  used t o  ob ta in  a 
(1) I n i t i a l l y ,  estimates o f  pi(i = 1, . . . 15) are taken and each 
of the 15 equations i s  expanded i n  a Taylor 's  ser ies  about 
the estimated point ,  p 
(2) Corrections t o  pi are then found (Api) and the new estimates 
o f  pi, given by pi -t api, are used i n  place of the i n i t i a l  estimates 
i n  (1) .  
(3)  The procedure i s  repeated u n t i l  Api becomes neg l i g ib le .  
Consider a so lu t i on  t o  two non- l inear  equations; f (x,y)  = 0, g(x,y) = 0. 
L e t  the i n i t i a l  est imate o f  the requi red so lu t i on  (x,y) be the p o i n t  
i' 
(xl,yl). Expanding f ,  g i n  a Tay lo r ' s  ser ies about the p o i n t  (xl,yl), th'en 
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or 
and 
AX = x-xl 
Hence the non-1 i near equati on5 have been transformed into 1 inear 
correction equations of the form 
f(xl ,yl)  + fx . AX + f . Ay = 0 
Y 
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;f - , etc. ,  and the derivatives o f  second order and a f  where fx = - ax 3 fy - iiy 
higher have been neglected. 
The equatinrrs are so;ved for AX, ~y and new estimates are given by 
x1 i AX, yl i AY. The procedure is repeated u n t i l  the desired accuracy 
is obtained. 
The fill  procedure can best be demonstrated w i t h  an example. 
Examp; t.? 
Cmside? a solution to  
2 f(x,y) = x y + y2 4- 3 = 0 
y(x,y) = x3 - 2xy2 i- 4y = 0 
then 
-- fx = 2XJ 
2 fy = x + 2y 
g, = 3x2 - 5’ 
Let x1 = 1,  y1 = - 9 ,  be the in i t i a l  estimates. 
Then s u b s t i t u t i n g  into the 1 inear correction equations 
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the solution t o  the above equations is 
AX = 38/30 2 1 . 3  
Ay = 7/15 ; 0.5 
The new estimates of X, y are given by x2, ye where 
Substituting into the 1 inear correction equations then 
0.6 - 2.5 AX 9 4.3 AY = 0 
9 + 1 5 . 4 ~ ~  + 10 ~y = 0 
The solution to the above equatr’ons is 
AX - 0.4 
by 4 - 0.3 
The new estimates for x, y become 
X 2  -+ AX = 1.9 
y2 + Ay = -0.8 etc.  
The correct solution i s  (2 ,  -1). 
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For more than 2 unknowns, the  l i n e a r  cor rec t ion  equations take the 
farm 
f(X,y ,Z .... 1 + fx . AX + f . Ay + fZ . D z  + .... = 0 
Y 
h(x,y,z .... ) + hx . Ax + h . Ay + hz . Az + .... = 0 Y 
i(x,y,z ,...) + ..... = o  
j(x,y,z ,...) + ..... 
e t c  e 
where the subscr ipted var iab le,  fx f o r  example, represents the 
p a r t i a l  de r i va t i ve  of f(x,y,z, ...) wi th respect t o  x. 
Denoting equations (1) t o  (15) by Bi (i = 1, .... 15); the 
cor rec t ion  equations are given by 
.......................... 
.......................... 
where A.. i s  the p a r t i a l  de r i va t i ve  o f  5. w i t h  respect t o  p For 
exampile, A7 
914 
respect t o  P . , ~ .  The equations are solved for hpi ( i  = 1 t o  15) by 
f i r s t  assuming i n i t i a l  estimates o f  pi, Subsequent estimates o f  pi are 
given by p i  + 
J ,j 1 j' 
i s  the p a r t i a l  de r i va t i ve  o f  equation (7) ,  i . e .  B7, w i t h  
and the procedure i s  repeated u n t i l  hpi approaches zero. 
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The coefficients of the correction equations ( A i y j )  are denoted by 
matrix A and the constants are denoted by  the vector, -B. Hence, 
i n  matrix n o t a t i o n ,  the s e t  of linear correction equations is  given by  
B = A . A p  
and i t s  solution is  given by  
1 Ap = A- B 
where A-l i s  the inverse matrix. 
Outline for the Fortran IV Computer Program 
The program i s  presently designed t o  handle nine sets  o f  values of 
pressure, temperature and volume for  a given propellant mixture. That 
i s ,  equ’libriurn coefficients are incorporated i n t o  the program for 
values o f  temperature between 3000 K and 1400 K i n  200 degree increments. 
Input Data 
The fol lowing information i s  required: 
Weights of reactants, i . e . ,  the total amount of fuel and 
oxidizer available. 
( a )  
(b) Yield 
(c)  Temperature of reaction 
( d )  Pressure a t  which reaction occurs 
(e) Volume o f  products o f  reaction 
Ass ump t i  ons 
The following assumptions are implied: 
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( a )  Constant pressure process 
( b )  Instantaneous reaction time 
(c)  No air  entrainment until a l l  of the available propellants 
are used up. 
Procedure 
For each data point ( i . e .  for  a given value of P ,  T ,  and V )  the 
program determines the p a r t i a l  pressures of the products of reaction 
such t h a t  the theoretical volume of the product gases i s  identical t o  the 
given i n p u t  volume. 
For the f i r s t  data p o i n t ,  however, since no value of volume is 
available, the yield is  used t o  determine the i n i t i a l  amounts of 
propel 1 a n t  burned and the partial pressures are then determined. 
For subsequent data po in t s ,  the fuel b u r n i n g  rate i s  continually 
adjusted and partial pressures are calculated i n  turn so that  f inal ly  
the resultant theoretical volume becomes identical t o  the given 
(theoretical ly determined or experimental ly evaluated) vol ume . 
This l a t t e r  procedure is  repeated for  subsequent data points until 
From then on, a i r  i s  added as a a l l  of the available fuel i s  used up. 
reactant combined w i t h  a l l  of the available fuel i n  order t o  sat isfy 
the "identical volume" condition. 
The program also converts the resultant partial pressures into the 
following: 
1 .  Pound Moles 
2 ,  Pressure-Ratios, Mole-Ratios, Volume-Ratios 
3. Pound Weights 
4, Weight-Ratios 
The fuel burn ing  rate,  the amount o f  entrained a i r ,  and the theoretical 
volume for each d a t a  point are also determined. 
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Subroutine Invert 
The subroutine solves the se t  of linear equations 
1 A p  = A- B 
The i n p u t  data card i s  
CALL INVERT ( A, NA, NAD, B, NB, NBD, DETERM, IERROR) 
where A = matrix o f  order if3 
B = vector having N5=1 constant vector 
NAD = row dimension of A in main program 
NBD = row dimension o f  B i n  main program 
DETERM = dummy 
IERROR = dummy 
The output consists o f  A’ placed i n  A, np placed i n  B, and the 
determinant of A placed in DETERM. IERROR i s  an error signal equal to 
0 for successful inversion; equal t o  -1 for overflow, equal t o  +I i f  no 
i nverse i s obtai nab1 e. 
The maximum size of A can be 100 x 100. 
Symbols Used in Main Program 
Subscripted Variables 
A 
B 
C - equilibrium constants 
- coefficients appearing in the correction equations 
- constant appearing i n  the correction equations 
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p _  
PR 
PT 
T 
TNT 
V 
WMOL 
WT 
WTR 
- part ia l  pressure 
- part ia l  pressure-ratio, mole-ratio, V O J  ume-ratio 
- total  pressure 
- temperature 
- part ia l  moles 
- volume 
- molecular weight 
- part ia l  weight 
- part  i a 1 wei g h t - r a t i  o 
- Floating Point Variables 
F2 
ti2 
O2 
RP1 - weight of l iquid RP-1 available 
RNAIR - mole-ratio of entrained a i r  
RWAIR - weigFL-ratio of entrained a i r  
TN - to ta l  theoretical  moles of products of reaction 
TNE - total  experimental moles of products o f  reaction 
TVOL - total  theoretical volume of products of reaction 
WAIR 
X 
YIELD - percentage of fuel burned a t  time "zerj" 
The fixed point variable, MA, is  the number o f  experimental runs 
- weight  of l iquid fluorine available 
- weight of 1 i q u i  d hydrogen avai 1 ab1 e 
- weight of li-quid oxygen available 
- weight of entrained a i r  
- number o f  carbon atoms i n  the RP-1 molecule, CxH2x 
w i t h  combinations c f  LH2, RP-1, LOp and LF2. 
The Fortran IV program follows w i t h  an example o f  the output d;ia 
f o r  one of the nine da ta  points u s i n g  LH2/RP-1/L02/LF2 and entrained a i r .  
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I n p u t I n f o rma t~& 
Many d i f f e r e n t  q u a n t i t i e s  could have been chosen f o r  the  i n p u t  
in fo rmat ion  based upon which the des i red  f i r e b a l l  composit ion and 
atmospheric chemistry could be ca lcu la ted .  
For t h i s  i n v e s t i g a t i o n  the  
Vo ume- ti me h i  s t o r y  
Pressure-t ime h i s t b r y  
Tempe'rature- t ime h i s  t o r y  
were taken as the  p r i n c i p a l  i n p u t  in fo rmat ion .  
The reason f o r  t h i s  choice was t h a t  another phase o f  t h i s  o v e r - a l l  
program deals w i t h  +he t h e o r e t i c a l  determinat ion o f  these func t ions  and 
most o f  a l l  t h a t  i t  i s  poss ib le  t o  measure the above q u a n t i t i e s  and 
thus v e r i f y  any t h e o r e t i c a l  r e s u l t s  by ac tua l  f i e l d  exper imentat ion.  
This l a t t e r  f a c t  seems t o  be o f  extreme importance i f  theor ies  a re  
developed s ince  w i t h o u t  experimental v e r i f i c a t i o n  they are  o f  l i t t l e  use 
and c e r t a i n l y  n o t  much credence can be g iven t o  them. 
Other f a c t o r s  such as f u e l  burn ing rates,  e tc ,  were se lec ted  by 
other:.20921 b u t  the  i n v e s t i g a t o r s  o f  t h i s  p r o j e c t  do n o t  see how such 
quant i  t i e s  could be v e r i f i e d  exper imenta l ly  and t h e r e f o r e  would remain 
the 
exP 
f o r  
assumptions throughout the work. 
As mentioned above much work i s  being done on the  determinat ion o f  
-volume-time, pressure-t ime, and temperature-t ime h i s t o r i e s  o f  t h e  
os ion phenomena from a t h e o r e t i c a l  p o i n t  o f  view. Rather thah w a i t  
the  r e s u l t s  from t h i s  separate i n v e s t i g a t i o n  and because o f  c b n t r a c t  
commitments i t  was decided t o  present the  methods o f  o b t a i n i n g  the f i r e b a l l  
and combustion c loud composit ion from such i n p u t  da ta  as mentioned above 
and f o r  t h e  present combine both theory and experimental in fo rmat ion  t o  
o b t a i n  the most p l a u s i b l e  func t ions  a t  t h i s  t ime. 
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A brief description of how the volume-time, pressure-time, and 
temperature-time functions have been determined for this report follows: 
Vol ume-Time Hi story of Fi reball and Combustion Products C1 oud 
from Liquid Propellant Explosions 
The volume o f  combustion products produced by liquid propellant 
explosions transgresses a number of stages w i t h  time, changing in 
shape from one typical configuration into another. 
be observed in the high speed film records of such explosions and can 
be, in pa r t  a t  least ,  analyzed mathematically or theoretically. These 
These stages can 
major stages are: 
1 .  Hemisphere 
2. Truncated Sphere 
3.  Sphere 
4. '. Pinched Sphere 
5. Toroid 
The above 5 stages are dis t inct  and can be observed i n  a t  least  
the 1 arger expl osi ons . 
Stage 1 .  Hemisphere 
This stage i s  the ear l ies t  one which can be observed and i s  of 
relatively short duration. 
products b o t h  along the ground and u p  into the atmosphere so t h a t  the  
shape can best be approximated by a hemisphere. The size of this 
I t  involves a very rapid growth of the combustion 
in i t ia l  hemisphere depends upon the yield o f  the liquid propel 
explosion, the very rapid combination o f  the fuel and oxidizer 
t o  form detonation and shock waves. The larger the'yield the 
in i t ia l  hemispherical f i rebal l .  
a n t  
so as 
arger the 
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Stage 2. TrunLated Sphere 
Following the very rapid formation of the hemispherical f ireball  
from 1 i q u i d  propellant explosions the hot combustion products begin t o  
r ise .  This upward motion and the convection currents due t o  the bouyant 
forces uitdercut the rising mass t h u s  forming a truncated sphere, i n  
contact w i t h  the ground a t  the f l a t  base. 
As the center of the mass rises the fireball  changes more and more 
from the original hemisphere i n t o  a sphere, the shape which is 
attained when the combustion products become essentlally tangent t o  the 
ground. 
T h i s  stage i n  the development i s  referred t o  as "Lift Off," a t  
20,21 which most o f  the fuel seems to  have been cnnsumed 
Stage 3. Sphere 
Having attained essentially a spherical configuration a t  "Lift Off" 
the cmbustion products continue t o  r i se  as a rather turbulent, well 
mixing sphere which however gradually changes shape from the almost 
perfect sphere i n t o  the f i r s t  sl ightly pinched and then rather pronounced 
pinched sphere. 
Stage 4. Pinched Sphere 
The change from the spherical configuration t o  the pinched sphere 
is  rather gradual and then as the indentations become larger and larger, 
the appearance of  the sphere i s  los t .  A cross-section by a vertical 
plane through the center would give the appearance of a "Bar Bell . ' I  
As this process continues the Indentations will eventually touch, 
forming a toroid. 
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Stage 5. Toroid 
From the time the t o r o i d  i s  formed the in i t i a l  contact p o i n t  of 
the indentation becomes a hole w i t h  the general configuration of a r ing  
or doughnut .  
As this  toroid grows in diameter the s ize  of the hole increases 
b u t  the volume now a t  this  stage of development increases relatively 
slowly. 
Finally this well defined configuration diffuses i n t o  the 
atmosphere losing i t s  resemblance to  any characteristic shape and 
being controlled t o  a great extent by the prevailing atmospheric 
conditions . 
Each of  these stages as described above and schematically shown 
i n  Fig.  IV-1, tdkes a longer and larger part on the time scale. 
Stage 1 may occur i n  fractions of a second while the l a s t  stage will 
be a matter o f  minutes. 
U t i l i z ing  this  5 stage concept for the purpose of anal:-%is a volume 
versus time curve can be obtained, either theoretically by the use of 
restricting assumptions or by the actual analysis of h i g h  speed film 
records of 1 i qu i  d propel 1 ant explosions 
The variation i s  greatest i n  stage 1 which is controlled by the 
yield while the s ta t i s t ica l  differences are rather small ( b u t  somewhat 
dependent upon atmospheric conditions) as long as the same quantities of 
propellants are involved and i t  i s  assumed t h a t  essentially a l l  the 
20,21 propellants take par t  i n  the formation of the fireball  and cloud 
Fig. IV-2 shows thc volume versus time curve for the S-IV PYRO 
experiment. The yield as reported was about  4 1/23 which i s  in 
agreement w i t h  the predictions of reference ( I  ) . 
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FIGUT\-. f' - 1 - 0  TYPICAL DEVELOPMENTAL CONFIGURATION STAGES 
OF LIQUID PROPELLANT EXPLOSIONS 
STAGE 1 m e  HEMISPEERE 
STAGE 2m0 TRUNCATED 81PIiERE 
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Similar volume versus time curves have been developed for the 
various fuel oxidizer combinations considered and reported upon here. 
Pressure-Time History of Fireball and Combustion Products Cloud 
from Liqu id  Propellant Explosions 
The pressure-time history as presented here and as used as 
i n p u t  data for the determinatiotl of the composition of both the f i rebal l  
and the combustion products cloud was determined partially from 
preliminary theoretical considerations16 and partially from the analysis 
o f  field data obtained by the liquid propellant explosion program of 
project P Y R O ~ ?  
The theoretical analysis was necessary for  the early time processes 
since no experimental data is available and the results were then 
checked and agreed w i t h  experimental results i n  the la te r  stages. 
In general i t  m i g h t  be said that  the pressure immediately a f te r  
i g n i t i o n  r ises very rapidly t o  very h i g h  values inside the niissile 
due to  the confinement of the propellants and the tanks, reaching a 
maximum some where as the reaction f r o n t  progresses toward the boundary 
o f  the missile configuration. After this maximum i s  reached the pressure 
f a l l s  very rapidly to  almcst atmospheric conditions. 
From the time of "Lift-Off' of the fireball  which cccurs a t  
24 essentially atmospheric pressure 
to  the r i se  o f  the explosion products and the effect  on atmospheric 
pressure due t o  a1 t i  tude. 
the pressure drops very slowly due 
The pressure-time history presented here for approximalely 100,000 
lbs o f  propellants was used for a l l  the propellants reported upon here. 
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Analysis of the sparse experimental information of liquid 
propellant explosion experiments seems t o  suppor t  this general pressure- 
time history. The yield produced b.y the explosion will change the 
early values o f  the pressure. Again for the analysis here a yield of 
4 1/2% was taken based upon the most likely value as given i n  
reference ( 2 ) .  
The actual curve used here is  presented i n  Fig. IV-3. If better 
information i s  t o  be used an experimental program could be insti tuted t o  
actual ly measure these pressures , an important reason for this  choice 
of i n p u t  information is  because i t  allows theoretical determination and 
experimental verification. 
Temperature-Time History of Fireball and Combustion Products Cloud 
from Liquid  Propellant Explosions 
The t h i r d  and l a s t  principal i n p u t  information needed for the 
determination o f  the composition of the fireball  and combustion products 
cloud including a i r  entrainment and atmospheric interaction i s  the 
temperature-time re1 a t i  onshi p. 
Again theoretical considerations and the avai 1 able rough experimental 
observations of fireball  temperatures and variations w i t h  time indicate 
that the in i t ia l  temperature i s  close t o  the maximum obtainable by the 
particular propellants involved. Then, a t  low yields a t  least ,  since 
only a small part of the propellants take p a r t  i n  the in i t ia l  stages o f  
the fireball  formation the reaction of the remaining fuel and oxidizer, 
b o t h  i n  the propellants as well as the atmosphere, make the temperature 
drop w i t h  temperature i n  an almost linear manner. This is observed in 
theoretical work 2oy21 and seems t o  be closely approximated by the 
available experimental information . 22 
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This l i n e a r  decrease o f  the temperature w i t h  t i m e  continues u n t i l  
the incandescence o f  the f i r e b a l l  ends o f ten  re fe r red  t o  as the "durat ion"  
which can be approximated as shown i n  (24). 
For the purpose o f  analys is  here i t  was assumed t h a t  the actual  
va r ia t i on  can be c lose ly  approximated by f u r t h e r  1 inear  decreases 
changing the slope t o  a value 1/2 the previous one f o r  each subsequent 
' 'duration" time i n t e r v a l .  
By t h i s  method a curve represent ing the temperature-time h i s t o r y  
of the l i q u i d  p rope l lan t  explosion i s  obtained which from both 
theore t ica l  and the ava i l ab le  sparse experimental observations seems t o  
approximate the actual  condi t ions.  This again i s  taken here f o r  low 
y i e l d  (4 1/2% i n  t h i s  rase) l i q u i d  p rope l l an t  explosions. 
Again i t  i s  be l ieved t h a t  an experimental program can be designed, 
i f  desired, t o  ob ta in  t h i s  temperature-t me h i s t o r y  f o r  various cases 
and v e r i f y  o r  modify the present ly  used nformation, which i s  presented 
i n  F i g .  IV-4 and again was used f o r  a l l  the fue l -ox id i ze r  combinations 
analyzed and repor ted upon here. 
It should be mentioned again t h a t  the volume-time, pressure-time, 
and temperature-time h i s t o r i e s  were selected as the p r i n c i p a l  i npu t  
data because i t  i s  f e l t  by these inves t iga tors  t h a t  t h i s  in format ion 
which can be generated w i t h  appropr iate assumptions theo re t i ca l l y ,  can 
be v e r i f i e d  experimental 1y. 
time, and temperature-time h i s t o r i e s  are o f  great  i n t e r e s t  t o  o ther  
inves t iga tors  f o r  various reasons. A number o f  groups are present ly  
engaged i n  t r y i n g  t o  measure pressures and temperatures w i t h i n  f i reba l l  s 
and o f  combustion products clouds produced by l i q u i d  p rope l lan t  
expl os ions . 
I n  add i t i on  these volume-time, pressure- 
1\1-27 
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I t  si lould a l s o  again be emphasized t h a t  i n  t h i s  i n v e s t i g a t i o n  
homogeneity o f  the  f i r e b a l l  as w e l l  as o f  the combustion products 
c loud was assumed. These assumptions seem t o  be reasonably w e l l  
s a t i s f i e d  because o f  the tremendous turbulence observed w i t h i n  the 
f i r e b a l l  which tends t o  produce thorough mix ing  w i t h i n  a r e l a t i v e l y  
s h o r t  time. 
I n  a d d i t i o n  t o  the  p r i n c i p a l  i n p u t  in format ion,  the  volume-time, 
pressure-time, and temperature-t ime func t ions  i t  i s  necessary t o  
know 
4. The Type o f  Prope l lan ts  
5. 'Propella,:: Composition 
6. Prope l lan t  Q u a n t i t i e s  
7. Y i e l d  
4, 5, and 6 a re  e a s i l y  ob ta inab le  as o r i g i n a l  data, w h i l e  7 i s  
se lected t o  o b t a i n  the  r e s u l t s  f o r  t h i s  p a r t i c u l a r  value o f  y i e l d ;  a 
value which may again be d i c t a t e d  by t h e o r e t i c a l  cons iderat ions.  
comb 
Type o f  Propel 1 ants 
The type o f  p rope l lan ts  se lected f o r  t h i s  p resenta t ion  are 
na t ions  o f  f u e l  and o x i d i z e r s  which are p r e s e n t l y  used i n  l i q u i d  
propel  l e d  r o c k e t  systems o r  combinations which may become impor tant  
i n  the f u t u r e  development o f  these rockets .  
The method however used i s  p e r f e c t l y  general and any p r o p e l l a n t  
type and combinations could be analyzed i n  the  same manner. 
The tJpes se lec ted  f o r  t h i s  p resenta t ion  are:  
LH*/L02 
RP-1/L02 
Iv-29 
LHZ/LFZ 
RP- 1 /L F2 
LH2IRP-lILOp 
LH2/L02 + 1% F 
t 5% F 
+ 10% F 
RP-1/L02 -I- 1% F 
f 5 % F  
f 10% F 
LHZ!RP-l/LOZ f 1% F 
+ 5 % F  
+ 10% F 
Propel 7 a n t  Compos i ti on 
The p r o p e l l a n t  type was out1 ,,led above w i t h  the  composit ion o f  f u e l  
t o  o x i d i z e r  chosen as fo l lows:  
1 : 5  by weight 
1 : 2.25 by weight 
1 : 2.6 : 5.86 by weight 
I n  the combinations w i t h  F luor ine  t races the  weight r a t i o s  o f  the 
main cons t i tuents  were the  same as g iven above. 
which 
11e6 H23.2 
The chemical coi,.position o f  t h e  RP-1 was taker! as C 
was obtained from reference (25). 
- Prope l lan t  Quant i  t i e s  
The p r o p e l l a n t  q u a n t i t i e s  were taken as 100,000 l b s  i n  a l l  cases. 
This d l  lowed the s tandard iza t ion  o f  t h e  pressure-t ime and temperature- 
t ime h i s t o r i e s  f o r  the present ana lys is ,  s ince i t  seems t h a t  t h e  q u a n t i t y  
o f  p rope l lan ts  used has the major e f f e c t  on the t ime a x i s  of pressure 
and temperature. 
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Yield 
The yield, the energy release as a fraction of the theoretical maximum, 
_I_ 
for these calculations and analyses was taken as 4 1/2% which ,ram 
previous theoretical invest-qations ( 2 )  and from experimental observations 
(2, 22) sems t o  come close to the s ta t is t icai 'y  most probable value. 
Again i t  migh t  be mentioned that other values could be taken ju s t  
as well w i t h o u t  changing the method o f  analysis. The resulting compositions 
of the fireball  and explosion products cloud would, however, be 
different. 
U i t h  the i n p u t  information as described above a number of cases were 
analyzed and many quanti ties calculated. Rather elaborate cornputel- programs 
were developed for  this purpose and the main program will be presented 
~ 
i n  the appendix. 
The results which seem to be most pertinent t o  this investigation 
are presented i n  the following pages, mostly i n  graphical form. 
Results Obtainable 
Uti l iz ing the data information as discussed above and the calculation 
and analyzing procedures out1 ined ear l ie r  many important quat;ti t i e s  can 
be cal cul ated. 
Jecause of space limitations only the ones most pertinent to this 
investigation will be presented here. They are only a small fraction of 
a l l  the quantities calculated b u t  even though they-form about 70 graphs 
many of them w i t h  a number o f  individual curves on them.  
As mentioned earl i e r  the same pressure-time, and temperature-time 
history was used fw a l l  the propellant combinations presented here, b u t  
indiwidatal Volume-time histaries for each type of propellant had t o  be 
calculated. 
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Then through a rather large i terat ive computer program such quantities 
as partial moles, partial pressures, partial volumes, p a r t i a l  weights, 
volume of air entrained, weight of  a i r  entrained, uriburned fuel present, 
etc. ,  were calculated. 
Some of these quantities were then normalized and a few of them - r e  
presented here graphically as a function of time. They are 
a. Fuel and oxi di  zer consumpti on w g t  . (Normal i zed) 
b. Volume of entrained a i r  (Normal i zed) 
c. Partial pressures (Normal i zed) 
d.  Partial volumes (Normal i zed) 
e. Partial weights (Normal i zed) 
These results and the manner o f  presentation, i t  is believed, give 
a good picture o f  the composition and i t s  time variation of the fireball  
and the combustion products cloud for 14 different propellant combinations. 
I t  i s  believed that the graphs are self-explanatory and the 
characteristics of the different fuel-oxidizer combinations can easily 
be compared. 
The Fluorine tracer quantities added seem to have a hypergolic 
effect  upon the cryogenic propellants to  render the prediction of the 
most probable ignition and delay times and t h u s  yield more certain. 
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Presantation o f  Selected Results 
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111 Sample Data Output 
I V - ' I  23  
SAMPLE DATA OUTPUT 
AMOUNT OF PROPELLhT, POUNDS 
LH2 = 7000.00 r 
RP-? = 75300.00 
LO2 = 11700.00 
LF2 = 5000.00 
EXPEREMENTAL VALUES OF T, P, V 
DEGREES KELVIN = 1800.0 
ATMOSPHERES = 1.0 
CUBIC FEET = 47000000. 
THEORETICAL RESULTS 
IDENTIFICATION OF PRODUCTS OF REACTION 
H20 c02 H2 N2 F2 
02 HF eo NO OH 
H N F C 0 
47 ITERATIONS REQUIRED FOR SOLUTION 
0 000 
0. 
0 .ooo - ~ 
0.00 
0. 
4.70 
0.000 
0. 
0 .ooo 
0. 
0. 
5. 
0 0 0000 
0. 
0 D 0000 
PARTIAL PRESSURES 
0.000 0.439 0.278 - 0. 
0.013 0.202 0.000 0.000 -- - 0.000 0.000 0.068 0.000 
0.00 8706.90 5512.21 0. 
263.16 4015.47 0.00 0.00 
0 .oo 0 .oo '1353.13 0.00 
0.000 0.439 0.278 0. 
0.013 0.202 O.OOO__ 0.000 
0.000 0.000 0.068- 0.000 
0. 17553. 154430. 0. 
5265. 112473. 0. 0. 
0. 0. 16251. 0. 
0.0000 0.0574 0.5047 0. 
0.0172 0.3676 0.0000 0.0000 
0.0000 0.0000 0.0531 0,0000 
-- POUND MOLES 
PRESSURE, MOLB, VOLUME RATIOS 
P O W  WEIGHTS 
WEIGHT RATIOS 
BURNING RATE, POUNDS 
LH2 = 7000. 
RP-1 = 75300. 
LO2 = 17700, 
LF2 = 500U. 
AMOUNT OF ENTRAINED AIR 
MOLES = 6960. 
POUNDS = 201599, 
PRESSURE, MOLE, VOLUME RATIO = 0.351 
WEIGHT RATIO = 0.6589 
TOTAL THEORETICAL POUND MOIES = 19856, 
THEORETICAL VOLUME = 4696237 1. 
v-’I 
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A MATHEMATICAL MODEL FOR DEFINING 
EXPLOSIVE YIELD AND MIXING 
PROBABLLITIES OF LiQWID PROPELLANTS 
E. A. Farber)"  
ABSTRACT 
This paper describes how a mathematical model can be constructed to f i t  
It shows theoretical or  experimental data on yield and spill of liquid propellants. 
how these primary quantities can be separated, how probability distributions can. 
be found for each, and how probability confidence regions and confidence limits 
can be established. 
The fundamental function of this very general mathematical model, based 
upon four independent parameters ,  and :he characterist ics of the resulting prob- 
ability surface a r e  discussed in detail. 
The mathematical model, programmed for a n  IBM 709 computer, is applied 
to  some spill t es t  data of liquid propellants for which the necessary information is 
available and then, with a minimum number of assumptions, to missile failure yield 
estimates. 
INTRODUCTION 
The yield from liquid propellant explosions as a result  of missile failures 
is of extreme importance in assessing the E?za,rds to astronauts. launch support 
personnel, launch support facilities and surrounding structures.  
To prepare against the effects f rom such liquid propellant explosions, meth- 
ods must be found by which the most probable expected yield can be predicted. 
Unfortunately many of the physical phenomena involved in producing the 
yield a r e  little understood, making the prediction of the expected yield difficult 
and complex. 
"Profess or  and Re search Profess or  of Mechanical Engineering, University 
of Florida. 
1 
One approach to this problem for the prediction of the over-all effects by 
means of a mathematical model is suggested in this paper. The mathematical mod- 
e l  developed here  allows for a well-balanced procedure of theoretical and experi- 
mental investigations, with the theory guiding the experimentation which in  turn 
modifies the theory. 
The mathematical model suggested in this paper is very general in  nature., 
being able to satisfy a wide range of either theoretical information or experimental 
data and has the required statistical characterist ics to make it possible to  separate 
the yield and spill functions, giving probability distributions, confidence limits, 
confidence regions, and s o  forth. 
With this model it is then possible to extract  a maximum amount of infor- 
mation from extremely sparse  data and to guide fvtiire experimental programs. 
This procedure furthermore allows the conducting of small-scale,  relatively in- 
expensive experiments to define the model and to reduce the large-scale, expensive 
experiments to very few in number. The large-scale t e s t s  s e rve  as check points 
to validate or modify the model. 
In this manner it is pos-sible to develop a valid scaling law for  liquid pro- 
pellant explosions through a well-planned program, with theory guiding the experi- 
mental procedure, and todo this in the shortest  possible t ime and at minimur. e-ost. 
THEORY OF APPROACH 
?i;e basis of the development cf the mathematical model is the fundamental 
characterist ic of the spa r se  experimental data biving information on the yield and 
spill of liquid propellants. Work is under way to extend this data by developing the- 
oretical yield-spill relationships. 
With the above information it is possible, as is shown in this paper, t o  de- 
velop a very general mathematical model which can express presently available 
data and is flexible enough to incorporate future information as it becomes a v a i l -  
able, It d s o  satisfies the statistical requirements providing for valid estimating 
procedures of the parameters  involved, and allows the separation of the individual 
characterist ics of the yield function and the spill functiun. The model may be re- 
ferred to as a modified Dirichlet bivariate surface. 
THE YIELD AND SPILL FUNCTIONS 
The pr imary quantities used in formulating the mathematical ynodel a r e  the 
yield function and the s p i l l  function. 
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The yield function is preferably defined as the fraction of maximum theoret- 
ical yield potential of the 0.1-board liquid propellants (also utilizing the oxygen of 
the atmosphere, where applicable). It can also be expressed in therms of TNT 
equivalency, presently a common method of reporting the data. 
The spill function is the fraction of the total on-board propellants which a re  
spilled, or  =ctually mixed, at  the time of reaction between fuel and oxidizer. In 
either case i t  is a time dependent variable different for each missile configuration 
and mode of failure. 
In the formulation of the model i t  is assumed that the relationship between 
the yield fimction and the spill function is available. Information of this type can 
be found in ltterature, but only in  very small quantity, representing liquid propel- 
lant spill tests. Preliminary investigations are now under way to extend these data 
both theoretf -ally and experimentally, and the indications a-e that the resulting 
yield functions and spill functions wil l  have-lower values in most cases than those 
repdrted in literature based upon tests which were designed to give a high degree 
of mixing. 
THE MATHEMATICAL iMODEL 
With the re1a:ionship between the yield function (y) and the spill function (x) 
established either theoretically or by exp, unent, the model can be formulated, 
resulting in a statistical function which is capable of incorporating the above x-y 
relationship, and is able to provide for -8alid estimating procedures of the parame- 
ters  involved. Details of the development of this mathematical model a r e  given in 
the references lJ 7; only the high points are presented here. 
The relationship between the yield function and the spill function can be ex- 
pressed in terms of three parameters d, b, and c as shown in equation (1). 
From this a statistical function can be developed capable of incorporating 
physical information over a rather wide range, and which satisfies the theoretical 
requirements for statistical analysis. It is a modified Dirichlet bivariate surface 
having four parameters a, by c, and d,  making it extremely flexible. This statis- 
tical surface is expressed mathematically as  equation (2 ) .  
where is the Gamma function. The only restrictions on this function a r e  that 
d y > O ,  x > O ,  y l x ,  d f O  
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To fully define the above function for a specific c lass  of information i t  is 
necessary to evaluate the parameters a, by c y  and d on the basis of the particular 
yield fJlnction - spil l  function relationship describing the physical phenomena. 
Evaluation of the Parameters  a, b, c, and d 
T o  evaluate the parameters  a, b, c, and d for the modified Dirichlat biuari- 
ate surface the following statistical estimating procedure is used. 
Defining 
u. = 1 - x. d 
1 1 
'i 
v. = - 
1 d 
X. 
four simultaneous estimation equations can be written for  the four parameters  a, b, 
c, and d. 1 
- 
l n v  = I& (b) - +(b+c) (43) 
In; = I n  (b) - I n  (b+c) ( 4.b 1 
I n  u = 4 (a) - I& (a+b+c) (44 
l n u  = l n ( a )  - l n ( a + b t c )  ( 4 4  
- 
- 
Where a bar over an  expression indicates the zverage value of all available 
values 
I n  indicates the natural logarithm (base e) 
+ is Euler 's  Digamma Function 
The mathematical model is now ready to be applied to theoretical informa- 
tion o r  experimental data. Evaluation of the parameters  a, b, c ,  and d gives the 
model its characteristic configuration, and analysis of the resulting statistical sur -  
face produces a wealth of new information. 
CHARACTERiSTICS OF THE MATHEhIATICAL MODEL 
The parameters a, b, c y  and d givs the mathematical model, expressed by 
the function of equatiox (2)  its characteristics, which can be brought out by proper 
mathematical analysis. Some of the most significant ones with regard to this in- 
vestigation a r e  the 
Y 
Probability Distribution of the. Yield, P 
Probability Distribution for the Spill, Px 
Confidence Regions for the Yield and Spill 
Confidence Limits for the Yield Function 
Confidence Limits for the Spill Function 
A. 
B. 
C. 
D. 
E. 
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A detailed discussion of how these characterist ics can be extracted from 
the above mathematical model follows. 
A. Probability Distribution for the Yield, Pv 
-~ 
To obtain the probability distribution for the yield function it is necessary - 
to  determine the ordinate of the probability distribution for each value of y. 
This ordinate for a particular value .of y is represented by the area of -the 
cross-sectioa of the mathematical model at this value o f y  and perpendicular to  the 
s - y  plane. This a r e a  can be obtained graphically, a r  by integration requiring a 
large -scale computer. 
- .  ~ 
The integral representing the probability ordinate is 
The lower limit of equation ( 5 )  is the value at which f(x, y) -becomes positive 
for  the chosen value of y. The fmqction f(x, y) is given in equation (2). 
B. Probability Distribution for the Spill, P, 
To obtain the probabiliry distribution for. the spil l  function the procedure is 
the same as in the above paragraph except that the variables x and y are inter-  
changed s o  as to obtain the integral 
J O  
Here the upper limit is the value of y at  which f(x, y 
a chosen value of x. 
C. Confidence Regions for Yield and SDill 
becomes negative for 
To obtain probability regions for spill (x) and yield (y) it is necessary to 
determine the volume under the probability surface, and then divide this volume 
into slabs of desired subvolumes. 
In this manner regions are obtained representing the intersections of planes, 
parallel  to  the x-y plane, which define the subvolumes, with the statistical sur -  
face. These intersections projected a s  regions simulate contour lines on a topo- 
graphical map representing the various elevations. 
The above analysis can be made by building a physical model of the mathe- 
matical function (using clay, putty, wood, and so forth) and by determining the total 
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volume and subvolumes by submersion into liquid; i t  can also be done by double 
integration, again necessitating a large-scale computer to solve integrals like 
(7) 
for the total volume and with different limits for the subvolumes. The limits of 
the integrals have to give the required subvolumes to  include the desired percent- 
ages of s and y surface values. 
D. Confidence Limits for  the Yield 
To obtain confidence limits for the yield function it is necessary to work 
with fractional areas under the yield probability distribution. 
The peak of this curve represents the statistically most probable value. 
The fraction of the total area under the probability distribution lying between two 
values of y represents the fraction of all y values in this interval. If the highest 
statistically expected yield is desired with a confidence, let us say of 95  per  cent, 
then the value of y has to be found for which 95 per  cent of the area under the prob- 
ability distribution curves lies to the left of it. Man? other questions of this type 
can be answered in  this manner. 
E. Confidence Limits for the Spill 
The same information regarding the spill. probabilities can be obtained as 
The procedure is the same except that the were described above for the yield. 
spill probability distribution curve is used in this; case. 
r .  
Information, in addition to the above, can he extracted i rom the mathemat- 
ical model by sectioning i t  and subsectioning, it physically o r  mathematically in 
, > t.' 
. I  
various ways. . .  
The calculation procedures A throuf,h, X; $rere computerized' and quantitive 
, ;  
, I  , I  results a r e  preserited a s  examples for 
The Mathematical Model Applied;, t * )  Available Exper iiental Data 
The Mathematical Model Apijlred,,< . Available Experimental Data and 
Missile Failure Yield Estirr!&f!s ' ,  
The Mathematical Model AppLied, $10 Available Missile Failure Yield 
Estimates 
A comparison of the results,  obtaine4 byb the mathematical model defined 
here  by a minimum of data, frorr). these three exa'mples and the actual observations, 
will give better insight into theworkings and c' ara(:teristics discussed above. With 
more representative, and better, data this nuGkepatica1 model could be defined 
> .  I. 
11. 
; 
111. 
I 
. ,  
, ' ,  
6 
L 
1 0.5 I 
Fractional Spill, x Fig. 2 Mathematical Model 
Represented by a 
Fig. 1 Yield Function - Spill 
Function Relationship 
Statistical Surface 
(Shark Fin) 
with greater  statistical confidence, and the reliability of the numerical results pre- 
sented increased. 
1. THE MATHEMATICAL MODEL APPLIED TO 
AVAILABLE EXPERIMENTAL DATA 
In this section the mathematical model, which was developed as described 
above, is applred to  test results which contain the necessary information to  make 
this application possible. They may 
o r  may not be representative of actual missile failures, but they certainly exhibit 
fundamental characterist ics of liquid px opellant explosions. 
These are the results presented in Table 1. 
TABLE I 
2 Experimental Data of Liquid Propellant Explosions 
1. (D’H) max Tes t  Ser ies  y = 0. 78 x = 1.00 
2. J Tes t  0.47 0.846 
3. J Tes t  0.165 0.348 
4. J Tes t  0. 186 0. 252 
1 
2 
3 
This very sparse  experimental data is presented in Figure 1 graphically. 
Applying standard curve fitting procedures the x-y functional relationship is ob- 
tained a s  also shown in this figure. 
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The estimating procedure, as outlined above, using equations*( 3a) through 
(4d) results in numerical values for the parameters a ,  b, c y  and d. These values 
a r e  a = 3.1,  b = 4 . O Y  c = 1 . 1 ,  d = l . 5  
The values of the parameters  substituted into equation (2) define the mathe- 
matical model as controlled by the input as shown. The resulting function becomes 
a three-dimensional configuration a s  seen in Figure 2. It has steep sides and a flat 
body, best described as simulating a "Shark Fin. ' I  
Analysis of this surface gives much information about the original data, 
which were used in  describing this surface, which could not have been obtained in 
any other way. 
Evaluation of equation ( 5 ) ,  using the above values for the parameters  a, b, 
cy and d results i n  the yield probability distributior shown in Figure 1-1. Closer 
inspection of this distribution indicates that the moLL probable yield value for  these 
experimens,  as predicted by the model, is about 0.43, and analysis to obtain con- 
fidence limits indicates that, for instance, 95 per  cent of all yield values fall  sta- 
tistically below 0. 8. F r o m  this yield probability distribution; ~ other- confidence 
limits can be obtained as desired. 
Evaluation of equation (6) results in the probability distribution for the spill 
function. Using the same analysis pro- 
cedures as above, the most probable spill value, as predicted by the model, is 
It is graphically presented in Figure 1-2. 
The Mathematical Model, a = 3.1, b = 4. 0, c = 1.1, d = 1.5 
Yield, y 
Fig. 1-1 
Probability Distribution 
for the Yield Function 
(Experimental Results) 
v- 
0 1 
Spill, x 
0 d .  5 
Spill, x 
Fig. 1-2 
Probability Distribution 
for the Spill Function 
(Experimental Results) 
Fig. 1-3 
Yield - Spill 
Probability Regions 
(Experimental Results) 
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about 0. 8, and 95 per cent 01 all spill values l ie below a spill value of 0. 94. 
other confidence regions can be obtained as desired. 
Again 
Cohidence regions for both yield and spill can be obtained from the model 
by solving integrals of the type of equation (7) for the total volume and the required 
subvolumes with the results as shown in Figure 1-3. In this figure, all x-y values 
fall into an approximate triangular region bounded by points (0, 0), (0, l ) ,  and ( 1 , l ) ;  
09 per cent of all x-y values fall into the next smaller  region; 88 per cent into the 
next smaller region, ?&:and 5B. The peak point of the surface is also'indicated. 
Qther relationships and information could be obtained by sectioning the 
mathematical model in different ways. 
11. THE MATHEMATICAL MODEL APPLIED TO AVAILABLE 
EXPERIMENTAL EATA AND MISSILE FAILURE YIELD ESTIMATES 
The mathematical model is next applied t o  boti: the available experimental 
data and actual missile failure yield estimates. Unfortunately no actual missile 
failures have been instrumented thus far t o  provide the required information. T o r  
this reason-a basic assumption had to be ma$e before the missile failure informa- 
tion could be used. This assumption is that the relationship between the quantity 
of propellants mixed and the resulting yield is a fundamental characterist ic of liq- 
uid propellant explosions. Prel iminary investigations now under way seem to sup- 
port this assumption. 
The results presented i n  this section are based upon the data presented in 
Table I, the estimates of Table 11, and the above stated basic assumption. 
TABLE II 
3,4,5,6 Y i e l d  Estimates and Data of Missile Failures 
5. Atlas 9-C y = 0.18 
6. Atlas 48-D 0.08 
7. Atlas 0. 06 
8. Titan 1 %I 0.02  
9. Titan 1 * 0.01 
10. Atlas 0.0088 
11. Centaur 0.029 Quad. 0.089, 0. 017 
0. 007, 0. 003 
12. Jupiter #9 (Impact) 0.11 
13. S-IV Failure 11 
14. S- IV Test (Pyro) 0 . b j  - 0.06 
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Evaluating the parameters  a ,  b, c ,  and d for the new input information in 
the same manner a s  for Section I gives 
a = 2 1 ,  b = 4 . 0 ,  c = 1.1,  , d  = 1.5 
Comparing the new values with those obtained in Section I shows that only 
the value fcr parameter a changed, the others remained the same. Again more  
and better data would determine these parameters  with greater  accuracy defining 
the mathematical model with greater  stat; st ical  reliability. 
The results for the above numerical se t  of parameter values are presented 
graphically in Figure 11-1, the yield probability distribution; Fl’gure 11-2, the spill. 
probability distribution; and Figure 11-3, the confidence regions for yield and spill. 
F r o m  these results the most probable yield value as predicted by the model 
is now about 0. 13 with 95 per cent of all yield values falling below a yield value of 
about 0. 29. 
The most probable spil l  value as predicted by this model is about 0. 32 with 
95 per cent of all spill values falling below about 0.48. 
The yield-spill confidence regions are much smaller than before, as can be 
seen by comparing Figures 1-3 and 11-3, and are much closer to the origin. Again 
the regions containing 100, 85, 30, 50 and 30 per  cent of a l l  x and y values are 
shown. 
The Mathematical Model, a = 21, b = 4.0,  c 1.1, d = 1.5 
1 
x 
n 
0 0; 5 1 0 0: 5 1 
Yield, y Spill, x Spill, x 
Fig. 11-1 Fig. 11-2 Fig. 11-3 
Probability Distribution Probability Distribution Yield - Spill 
for the Yield Function for the Spill Function Probability Regions 
(Experimental Results (Experimental Results (Experimental Results 
and Missile Failures) and Missile Failures) and Missile Failures) 
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The Mathematical Model, a = 70, b = 4 . 0 ,  c = 1.1,  d = 1.5  
2o t 
I 
1 
x 
?J 
F 
Io 0.5 1 0 0.5 1 
Yield, y Spill, x 
Fig. 111-1 Fig. 111-2 
Probability Distribution Probability Distribution 
for the Field Function 
(Missile Failures) (Missile Failures) 
for the Spill Function 
0 0.5 
Spill, x 
Fig. 111-3 
Yield - Spill 
Probnbility Regions 
(Missile Failures) 
111. THE MATHEkIATICAL MODEL APPLIED TO AVAILABLE 
MISSlLE FAILURE YIELD ESTIMATES 
Applying the mathemat ica l  model  as developed above to the data  shown in  
Table 11 and the assumption made  in  Section 11, the pa rame te r s  take  on the follow- 
ing values: a = 70 , b = 4 . 0 ,  c .= 1.1 , d ~ 1 . 5  
The s ta t i s t ica l  sur face  descr ibed  by these new pa rame te r  values  produces,  
when analyzed, the r e su l t s  presented  in  F igure  111- 1, the yield probability d i s t r i -  
bution; F igure  111-2, the sp i l l  probability distribution; and Figure  111- 3,  the con- 
fidence regions for  yield and spill.  
This  analysis  shows the mos t  probable yield value, a s  predicted by this  
model, cen te r s  around a value of about 0. 04 with 95 p ? r  cent of the yield values 
falling below about 0. 11. 
The modt probable sp i l l  function value, as predicted by this model, is about 
0 .  16 with 95 p e r  cent  of a.1 spi l l  values falling below about 0. 27. 
The yield-spill confidence regions a r e  now getting quite sma l l  Pnd so  only 
the 100 and 80 per  cent  regions a r e  shown. The peak point of the s ta t is t ical  s u r -  
face has  now moved r a the r  c lose to  the origin. 
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A POSSIBLE SCALING LAW AS SUGGESTED BY 
THE MATHEMATICAL MODEL 
Closer scrutiny of the numerical results prejented here  shows that for the 
information used, only parameter a changed between Sections I, 11, and 111. 
One of the major differences underlying the data of these sections is the 
quantity of propellants involved. 
This fact, and that the parameter a was theonly thing that had to be changed 
to redefine the model to make it applicable to  the various sections, suggests that 
i ts  variation with quantity of propellants involved may constitute the basis for a 
"Scaling Law. 
Expressing the parameter a as a function of the scale ( s )  
a = F(s; ( 8 )  
which is an exponential relationiihip for the data and estimates presented here ,  and 
substituting this relationship into eq-Jation (2 )  gives the mathematical model de- 
scribed in  te rms  of the scale (6) and the previous parameters  b, c, and d. 
Analysis of the mathematical model as described by equations ( 2 )  and (8) 
give the required scaling law for liquid propellant explosions. 
CLOSURE 
F r o m  the work discussed and presented in this paper it is seen how a math- 
ematical model can be constructed based upon the general  characterist ics of the- 
oretical and experimental results of liquid propellant explosions, how this model 
can be applied to experimental results and the wea.lth of information which can be 
obtained in this manner. 
The mathematical model developed and used here  is very general in nature 
containing four controlling parameters and can therefore satisfy a wide range of 
data. It is not overly sensitive to changes in these parameters.  
To demonstrate how this model can be used i t  was applied to the very sparse  
experimental data available and with a basic assumption, that the yield-spill r e -  
lationship is a fundamental characteristic of liquid propellant explosions, to actual 
missile failure yield estimates. 
The quantitative results predicted by this analysic such a s  probability dis - 
tributions, confidence regions, confidence limits, and so  on, should be considered 
preliminary since the model used here  was defined by very little data even though 
the obtained results a r e  in general agreement with the limited actual experience. 
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The results obtained from the mathematical analysis of the model seem to 
suggest the parameter a as  a "scaling factor" allowing the prediction of the char- 
acterist ics of liquid propellant explosions as a function of scale, o r  quantities of 
propellants irivolved. 
The reliability of the model should be improved for prediction purposes by 
better theoretical information and better experimental results, which describe and 
define the model more precisely by giving better values to the parameters.  
In conclusion,-,h may be well to say again that the mathematical model pre-  
sented here ,  and others like it can help in guiding future experimental programs, 
indicating what information is needed and where, and in reducing the cost of these 
programs by reducing the number of expensive tes ts  necessary. Furthermore the 
approach through a mathematical model may well indicate the most direct  route to 
follow to obtain a valid scaling law for yield prediction for liquid propellant explo- 
sions. 
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J i  SYSTEMATIC 
ANALYSIS .AND 
LIQUID 
APPROACH FOR THE ANALYTICAL 
PREDICTION O F  THE YIELD FROM 
PROPELLANT EXPLOSIONS 
E. A. Farber:: andJ .  H. Deeset 
ABSTRACT 
This paper presents a systematic approach by which the esiected yield from 
liquid propellants can be predicted and furthermore gives an insight into the physi- 
cal phenomena involved. 
The yield potential and the mixing function can be determined allowing for 
the type of propellants, their relative proportions, the reaction rates befmeen the 
components depending upon misture composition, the heat transfer rates between 
the components and the propellants and the surroundings, the mode of failure and 
- 
the resulting ; . k ing  characteristics, and the ignition and reaction delay times. 
Combining t t e  above idormation into seven charts a s  pre*ented leads to a 
systematic analytical determination of the expected yield. 
INTRODUCTION 
In an effort to assess and minimize the hazards from liquid propellant ex- 
plosions as  a result of missile failures to astronauts, launch support personnel, 
l am& fzcilities and surrounding structiwes it is of utmost importance to be able 
to predict the most probable expected yield. 
An approach, considering the over-all characteristics of liquid propellant 
explosions, to predict the most probable yield, the most probable spill, probability 
distributions, confidence regions, confidence limits, and s o  forth, by means of a 
mathematical model was presented earlier ” by one of the authors of this paper. 
The method described there accomplished the ultirn2te goal of leading to a valid 
+Professor and Resec,rch Professor of Mechanical Engineering, University 
of Florida. 
Chief, Facilities Technologv Office, NASA-John F. Kennedy Space Center. 
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prediction procedure of yield, spill, and so forth, of liquid propellant explosions; 
it did not provide an insight into the pkpica l  phenomena producing this yield, spill, 
and s o  on. 
The present paper suggests a more fundamental approach to this problem 
by considering the physical phenomena in detail which go into producing the most 
probable yield, spill, and so on. This approach therefore can, through -anderstand- 
ing of the physical processes and phenomena, provide the information necessary to 
control these processes. 
The approach presented here is referred to by the authors as the "Seven 
Chart Approach" since the procedure can be summarized in  seven charts, consti- 
tuting a complete, well planned program, outlining the necessary steps to be fol- 
lowed. 
Furthermore, the "Seven Chart Approach" uses presently available infor- 
mation regarding these poorly understood phenomena producing the liquid propel- 
lant explosion yield; it points out where more theoretical and experimental work is 
needed, and what information it should provide. In this manner an  ideal balance is 
obtained between theory guiding the experimental work and the results from the ex- 
periments modifying the theory. For these reasons this procedure is able to reach 
the desired goals along a most direct route in the shortest possible time and at a 
minimum c o s t . 
Previous theoretical and experimental investigations " '' 3' 4y , through 
their res-dts, suggest that the actual phenomena producing the yield in liquid pro- 
pellant explosions can be divided into groups which lend themselves to separate 
study, both theoretical and through small-scale experimentation. 
For the purposes of the "Seven Chart Approach, suggested here for the 
prediction of the most probable yield, etc., for liquid propellant explosions, the 
problem is divided into three such groups of phenomena which can be studied sepa- 
rate1;r but when combined allow the desired prediction. The groups revolve around 
I. The Yield Potential Function 
11. The Mixing Function 
111. Delay and Detonation Times 
and allow the incorporation of the basic characteristics of the particular propel- 
lants involved, of the missile design configuration, and of the mode of failure. 
The yield potential function (I) is basically controlled by chemlcal kinetics, 
the mixing function (XI) by the principles of hydrodynamics modified by heat trans- 
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fer, and the delay and detonation times (111) by characteristic functions for some 
propellants such a s  hypergolics or by random processes for others. 
The separate studies can be combined by taking the yield potential, when 
expressed as a time function, and multiplying it by the mixing function to obtain the 
expected yield at  any time after the s tar t  of the failure or after the mixing has be- 
gun. This mixing function will be different for different modes of failure and mis- 
sile'configurations . 
The actual expected yield can be determined by superimposing the delay and 
detonation times upon the above obtained expected yield function, either as  &,fixed 
value where applicable or  as a statistically most probable value with proper confi- 
dence limits. These delay and detonation times a r e  characteristics of t-he propel- 
lants such as hypergolics , or cryogenics, modified by the propellalit quantities, 
missile configuration, modes of failure, and so farth. 
The total procedure can be summarized, with the seven charts supplying the 
necessary information, as the relationship 
where y expected yield at time* 
yield potential at time t% 
yP 
x mixing function at time 
t%: most probable detonation time 
The development of the seven charts follows: conditions were assumed so 
that quantitative results could be calculated for cases which were investigated ex- 
perimentally and for which results a r e  reported in literature This gives m'ore 
meaning to the procedure suggested and allows comparison of results obtailled by 
4 . 
the "Seven Chart Lpproach" with actual test  results. 
same if other initial conditions, propellants o r  configurations were used. 
The approach would be the 
I. THE YIELD POTENTIAL FUNCTION 
-The yield potential function for any propellants or combinations of them as  
a function of time can be obtained from theoretical considerations in four steps a s  
follows: 
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1. Maxiinum Theorstlcal Energy &elease (Chart 1) 
The maximum amount GI energy which can be released from any particular 
liquid propellant fuel-oxicalzer misture can be calculated employing the basic laws 
of chemical kinetics. 
Figures 1A and 1B (in greater detail) show the results from such calcula- 
tions for a three-componen" propellant mixture, L02/LH2/RP-1. 
The upper cl;rve :n these figures is the result of the three-component mix- 
ture LO /LH /RP-1, with the ratio of LH In arriving at 2 2  2 
,!le numerical vabies it was assumed that a l l  the LH always reacts, and as much 
of the RP-1 as can be supplied vi th  LO2. Atmospheric oxygen could also be in- 
cluded if desired witi Jut any particular difficulty. 
to RP-1 held constant. 
2 
The lov e r  curve is the result of a two-component mixture LO /RP-1, again 
presented here witi aut atmospheric oxygen contribution. This curve is applicable 
to a two-component mixture or could be considered the condition aftel' al: %e LH, 
of the three-componenb mixture h2s evaporated. 
2 
*. 
Thus any tkee-compcnent LO /LH /RP-1 mixture will have its starting 
2' point on the upper curve and will, due to evaporatior of both the LH and the LO 
follow a path from %e upper curve to the lower curve toward the origin, this is if  
reaction does not occur somewhere along this path terminating this process. The 
actual path depends upon the changes in the relative quantities of each component 
present. Two such paths a r e  shown in Figure 1A and in more detail in Figure 1B. 
2 2  
2 
Figure 18 hlaulmm, Ainounl of Energy Ralnasc for a Thraa 
Componml Liquid Propcllnnr hlixiurc 
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Eiuw they are  calculated will be explained later, but it might be mentioned at  this 
4 
tlrne that they a re  for a mixture whichwas actually used in field experiments 
One path assumes that the system is thermally isalated from the surroundings and 
the other path assumes that maximum thermal interaction behveen the system and 
the surroundings occurs. 
That the two paths a re  not as much different as might be expected indicates 
that the effect of the surroundings is minor. 
2. Yield Potential as  a Function of Oxidizer to Fuel Ratio (Chart 2) 
The explosive yield of the liquid propellants will depend not only on the 
quantity of energy released, but also upon the rate at which this energy is re-  
leased. Because of lack of information a s  to the variation in the reaction rates as  
a function of the propellant composition it was assumed for these calculations that 
the reaction rate remains essentially constant throughout the L02/fuel ratios un- 
der consideration here. 
. .  
With this assumption, which can however be replaced by reaction rate in- 
formation as  soon i ~ s  it becomes available, and the information of Figure 1, the 
yield potential can be calculated and normalized in terms of the theoretical maxi- 
mum. The results are  presented in Figure 2. 
3 .  Mass-Fraction Time Relationship for LH and LO (Chart 3) 2 2 
To be able to determine the actual paths as previously discussed and shown 
in Figures l A ,  lB, and 2 i t  is necessary to know the LH /LO 
tion. 
present at any time. 
ratio and its varia- 
and LO2 2 
2 2  
This is easiest obtained f r o m  calculations of the quantities of LH 
19 
The calculations a re  more or less standard, involving the principles of ther- 
modynamics and heat transfer, but a re  very long and tedious. They involve simul- 
ta-eous heat balance and heat transfer relationships with the proper heat transfer 
coefficients which allow, through step-by-stzp and iterated calculations, the esti- 
mation of the quantities of cryogenics vaporized, escaping, or  again condensed in 
the mixture, the quantities of fuel and oxidizer frozen and portions remelted, and 
so forth. Some simplifying assumptions were made wherever it seemed advanta- 
geous in reducing the large amount of computations without appreciably affecting 
the results. Where quantities were encountered which had the same order of mag- 
ikitude, but the opposite sign and were relatively small, they were sometimes can- 
celled against each other. These actions helped tremendously in reducing the scope 
of the necessary computations. 
Contact area variations based upon mixing studies both at the University of 
Florida in connection with the study of explosive hazards of liquid propellants, and 
information found in literature, were used in the heat transfer equations together 
with the best available heat transfer coefficients to obtain the mass -fractions for 
LO2 and LH2. 
- 
The information needed and used, aside from that supplied by supporting 
studies a t  the University of Flor;da, a re  referenced in Table I but c d y  the results 
from the actual calculations can be presented here because of the severe space 
limitations. The results a re  presented in Figures 3A and 3B. 
P 
$ . 
t 
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Time in Seconds 
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2 4 ( 8 10 
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TABLE I 
List of Literature References Used in Support of the Calculations 
for  the Results Presented in Figures 1A through 3 B  
SUBJECT 
Average Chemical Formulas for 
Kerosene, RP-1 
Average Heat of Combustion for Kerosene 
Heat of Combustion for Hydrogen 
Propellant Proportion used in Heat Transfer 
Calculations 
LAN/RP-1 Contact Area versus Time Data 
for L02/RP-1 Analogy 
Film Coefficients for LANJRP-1 Interface 
Film Coefficients for LN /LH Interface aqS 
LN2/LHz Contact A r e a  versus Time Data for 
LO2 / LH2 Analogy 
2 2  
Latent Heat of Evaporation for H and Specific 
Heat for GO 
Specific :<eat for L JP-1 to simulate RP-1 
Latent Heat of Evaporation for 0 
Latent Heat of Fusion for 0 
Approximation of Latent Heat of Fusion for 
2 
2 
- 
2 
2 
RP-1 
Approximation of Specific Heat of Solid 
Kerosene 
REFERENCES 
6, 16, 17, 1 9  
6,7,18 
7 
8 
9 
9 
11 
12 
3 
1 2 , 3  
12 
1 9  
13, 14, 15 
4. Yield Potential - Time Relationship (Chart 4) 
Since in the method for the calculation of the yield potential - oxidizer to 
fuel ratio relationship time t was the common variable used, it is easy to put a 
time scale right on the paths a s  shown (Figure 113). 
With these time scales right on the paths of Figure 2B, these curves can be 
replotted giving the yield potential versus time relationship its seen in Figure 4. 
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These curves represent the theoretical maximum yield which could be obtained at  
any time t from the above propellants due to the quantities of the constituents which 
are  present at  that time. One curve again represents the yield potential for  the 
isolated system and the other f o r  the system which has the maximum theoretical 
thermal interaction with the surroundings. 
Since the curves of Figure 4 give the yield for  propellants when perfectly 
mixed Lo- produce maximum yield, these results must be modified by the mixing 
function, tfie actual amounts (fraction of the maximum amounts) which are  mixed 
at  any time t. 
11. THE MIXING FUNCTION (ChaTt 5) 
While the yield potential function a s  calculated above fo r  a specific case 
established the actual quantities of the various constituents present and the maxi- 
mum theoretical yield, if all these constituents a re  mixed most effectively, it does 
not give any information as  to the actual degree of mixing of the constituents. 
For  example, at time 0 when the constituents just begin to mix, none of 
them are  actually mixed and therefore an explosion could not be produced. Thus 
at time 0 the mixing function is 0 ,while the yield potential function i s  near its maxi- 
mum. The prodwt of the yield potential and the- mixing function at  time 0 gives the 
true o r  expected yield. 
The mixing function is essentially a hydrodynamic function, however com- 
This makes the analytical approach diffi- plicated by high rates of heat transfer. 
cult, and at least to start  with, an experimental approach for determining 
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Figwe 4 Yicld Potcntd  Plotted as  Time Funclion 
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Mt..iiig Funclion or Spill Function for Throo 
Component Liquid Propcllani Spill Te616 
tion more promising. 
not involved. 
This i s  true especially since questionable assumptions a r e  
Four methods have been developed in connection with the over-all system- 
atic approach presented in this paper and to implement i ts  execution. These four 
metkods allow the detailed study of the mixing process and phenomena producing 
the mixing function of liquid propellants and have been used with grea t  success. In 
preliminary studies, often applying two methods to the same experiment, these 
methods have independently produced resul ts  which a r e  in excel-lent agreement. 
The detailed description of these methods and the various methods of anal- 
ysis and the results obtained by them a r e  beyond the scope of this paper, but since 
they implement the approach suggested in  this paper they a r e  briefly mentioned. 
They a r e  the 
1. Film Analysis: A high speed photographic technique giving by use of 
m i r r o r s  a three-dimensional picture of the mixing process  on the same film frame. 
Special analysis of these frames a s  to mixing profile, mixing volume, and turbu- 
lence factor allows the determination of contact a r e a  and degree of mixing. 
b 
2. W a x  Cast Analysis: By use of hot wax--and cold liquids the mixing proc- 
e s s  can be "frozen" at different stages of the mixing by varying the hot and cold 
temperatures. The "frozen" state of the mixing process can then be studied a t  
leisure at any time la ter .  These casts can be analyzed a s  to profile, outside a r e a  
by projection or  coating methods; they can be serially sectioned to give the total 
contact area,  turbulence factors (total contact a rea  over profile area) ,  and so on. 
3 .  Vibration Mixing Analysis: This method consists of mounting a particu- 
l a r  configuration on a vibration table, simulating the various propellant components 
by particles of different color, size, density, shape, etc. ,  and after removing par-  
titions, partially or  completely shaking the system. The components will mix and 
the degree of mixing can be periodically checked a t  desired locations. Evaporation 
u r  other losses can be simulated by removing programmed quantities )r numbers 
of particles a t  desired locations and prescribed intervals. 
4. Thermocouple Grid Analysis: This method of analysis employs a three- 
dimensional grid of fine thermocouples with each junction being monitored continu- 
ously. The traces give inzormation regarding the mixing front, the deg. t: of mix- 
ing at  a particular point, the degree of turbulence a t  a point, the location of the 
point o r  points of ignition, the time delay from the s ta r t  of mixing (or time of fail- 
ure) to ignition, the propagation of the reaction front, the propagation of the shock 
front, the separation of the shock front f rom the reaction front, and s o  forth, 
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Results from the above methods can be correlated and compared easily by 
simultaneously applying the different methods of analysis to the same experiment. 
These methods provide information needed for  the better understanding of the mix- 
ing phenomena of liquid propellants, they provide data as  to the statistical repro- 
ducibility in seemingly identical experiments, the variations due to test configura- 
tion, and so on. 
. 
The Thermocouple Grid Analysis method i s  the most powerful. since it di- 
rectly relates the mixing phenomena and the yield obtained all in one and the same 
experiment. It is, however, considerably more expensive than the others. Instru- 
mentation for high-speed monitoring of the individual junctions is expensive and the 
reduction of the data obtained time-consuming. 
However, this Thermocouple Grid method is  capable of taking measure- 
ments in liquid propellant mixtures from the start  of failure up to and after igni- 
tion. If the grid is extended beyond the original boundaries of the propellant con- 
figuration, information can be obtained as  to  fireball growth rate, extent, tempera- 
ture, shock wave strength, shock wave velocity, and so on. 
Further and more detailed discussion of these four methods of analysis 
which can provide the mixing function-time relationship is  left to another paper 
which includes the presentation of resrdts obtained with these methods fo r  a num- 
ber of failure modes and configurations. 
Only one of these result. i s  presented here corresponding to the series of 
spill experiments used as  examples for  comparison with the calculated numerical 
results. It i s  the mixing function presented in Figure 5, in this particular case ob- 
tained by method 3, the vibration mixing analysis. Since this method has no abso- 
lute time scale a number of runs were made adjusting the amplitude and frequency 
so that easily measurable changes were observed in reasonable time intervals 
(about 5 seconds), Since from theoretical considerations the maximum should oc- 
cur at about 7 seconds this time was ascribed to the maximum point of the mixing 
curve. In this manner the absolute time scale was established. 
The reproducibility of this curve as  presented was within plus or minus 4 
pe$ cent. The reproducibility became better as  the mixing violence increased. 
This fact was observed in all experiments whether simulated on the vibration table 
or with real liquids using the other methods. 
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111. DELAY AND DETONATION TIMES 
Probably the least understood phenomena of the ones discussed in this pa- 
per a re  the ones controlling the delay 2nd detonation times. 
Both these quantities will be discussed in considerable detail in another pa- 
per where they a re  evaluated, and detonation times cal.culated, based upon a new 
hypothesis proposed and referred to in that paper as "Fireball Hypothesis. ' I  
In that paper delay time is defined as  the time from the start  of the failare 
to ignition, or the time from start  of mixing to ignition, whichever i s  preferable. 
,-._ 
The detonation time i'E; the time from ignition until the reaction reaches the 
boundary of the original propellant configuration. 
F o r  the purpose of this presentation actuallymeasured delay times from the 
experiments a r e  taken and statistically analyzed so a s  to establish the most prob- 
able yield value as  well as 95 per cent confidence limits. More data is needed to 
establish these quantities with greater rdiability. 
For the test used for comparison here the average delay plus detonation 
time is 3 . 3  seconds and the standard deviation for fixing confidence limits, 1.1 
seconds. 
1. Expected Yield Function - Time Relationship (Chart 6 )  
Having discussed the three groups of phenomena playing a roll in producing 
the yield of liquid propellant explosions, the results obtained in  Sections I, 11, and 
111 can now be combined, 
Taking he yield potential function calculated in Section I and presented in 
Figure 4 and the mixing function calculated in Section I1 and preseqted in Figure 5 ,  
and combining them by multiplying corresponding ordinates at  time t, the expected 
yield function is obtained. This result is presented in Figure 6 which shows the 
yield which could be expected at  any time t if detonation did occur at that time t. 
Only the cur\-ta for the isolated system is presented here but the other is obtained 
easily in the siLme mannzr. This expected yield function has a plus or minus 4 per 
cent variation in yield value due to this variation in the mixing function. 
. The expected yield function has a characteristic shape starting at zero in- 
creasing with a dip o r  double hump to a maximum value and then decreasing again, 
The dip o r  double hump is due to the initial proportions of the propellant compo- 
nents. 
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The maxlmum is far from one since, with any appreciable quantity of liquid 
propellants, perfect mixing is almost impossible to achieve and furthermore, due 
to the time elapsed between the start  of, and best, mixing the yield potentid has 
fallen below one because of evaporation losses of the propcllant components. 
2. Expected Yield (Chart 7) 
The last step in this series, to  obtain the expected yield- for liquid propel- 
lant explosions, is to superimpose the information of Section 111 upon the combined 
results of Sections I and 11. 
Figure 7 shows the result, the final si'ep in this systematic approach, with 
the expected yield function on Figure 6 modified by the delay and detonation times 
fixing an interval within which, statistically, 95 per cent of all  expected yield val- 
ues should lie. 
The highest value for tKe expectedyield predictid i"cr this test series, using 
95 per cent confidence limits, should be about 0.43, the lowest 0. 13. Al l  valiies 
predicted by this a;.proac'h should fall between 0 and 0.50. 
CLOSURE 
This paper suggested and presented a systematic bpproach referred to iis 
the "Seven Chart Approach" for the prediction of expected yield for liquid propel- 
lant explosions. The I'Scven Chart Approach" consists of seven steps expressible 
in seven charts: 
1. Maximum 'Theoretical Energy Release 
2. Yield Potential as  a Function of Oxidizer 
to Fuel Ratio 
3. Mass-Fraction - Time Relationships 
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4. Yield Potential -- Time Relationships 
5. The Mixing Function 
6. 
7. Expected Yield 
Expected Yield Function - Time Relationship 
The paper presented this approach, outlined here, with actual calculated 
curves, combined with some experimental results to give quantitative information. 
The "Seven Chart Approach" as outlined above allows for a systematic pro- 
cedure in determining the expected yield from liquid propellant explosions and thus 
guides the experimental work necessary to implement the analytical procedures. 
l h i s  approach divided the problem into three very distinct parts which can 
be studied separately and, when combined, give the'desired results. The three 
parts a re  the determination of the yield potential, the mixing processes analysis, 
and the igni. ion and detonstion phenomena. 
The insight gained into the actual physical phenomena through this approach 
promises to provide a methodof control whereby - the hazards from liquid propellant - 
explosions can be considerab--* redue& - - -.
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EXPLOSION PHENOMENA 
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of Liqslid Propellants Leading to a Yield-Time Function 
Relationship, by E .  A. Farber and R. L. San Main. 
No. 387: Part iV- Fireball Hypothesis Describing the Reaction 
Front and Shock Wave Behavior in Liquin Propellant 
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10-1255. Pans I and 11 appear a s  Technical Papers No. 346 &id 
No. 347.) 
FLORIDA ENGINEERING AND IINDUSTRIAL. EXPERIMONT 43T&TMX4 
Characteristics of Liquid Rocket Propellant 
Explosion Phenomena 
A research project initiated in 1964 by Dr. Erich A. Farber, 
Res ear ch Professor of Mechanical Engineering , on liquid propellant 
rocket explosions, has resulted in the publication of five NASA reports 
and four technical pRpers to date in this area. The research is  under 
the sponsorship of the National Aeronautics and Space Administration. 
The four papers listed below define and discuss the characteristics of 
liquid rocket propellant explosion phenomena. They are: 
I: 
I1 : 
I11 : 
IV : 
A Mathematical Model for Defining Explosive Yield 
and Mixing Probabilities of Liquid Propellants , by 
E’. A. Farber. 
A Systematic Approach for the Analytical Analysis 
and Prediction of the Yield from Liauid ProDellant 
Explosions, by E. A. Farber andJ .  H. Deese. 
(Nos. I and I1 were published in the Proceedings of 
the Third Space Congress, March, 1966, Canaveral 
Council of Technical Societies, Cocoa Beach, Flori-  
da. Available as Technical Papers No. 346 and No. 
347 , Florida Engineering and Industrial Experiment 
Station, Gaiiiesville, Florida. ) 
Studies and Analyses of the -Mixing Phenomena of Liq- 
uid Propellants Leading to a Yield-Time Function Re- 
lationship, by E. A. Farber and R. L. San Martin. 
Fireball Hypothesis Describing the Reaction Front 
and Shock Wave Behavior in Liquid Propellant Explo.. 
sions, by E. A. Farber and J. S. Gilbe: rt.  
(Nos. I11 and IV, published in this volume as  Techni- 
cal Papers No. 386 and No. 387, were presented at 
the New York Academy of Sciences conferenceon ex- 
plosion hazards in New York City, October, 1966, and :- 
will also be published in the Fall of 1967 in the P ro -  . 
ceedings of the New York Academy of Sciences. ) 
- .  
. 
Since research on this problem is continuous in nature and con- 
siderable effort and time is  expended thereon, more papers and reports 
in this series wil l  be forthcoming. 
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STUDIES AND ANALYSES O F  THE MIXING PHENOhtENA 
O F  LIQUID PROPELLANTS LEADING TO A YIELD-TIME 
FUNCTION RELATIONSHI1.' 
by 
t .*. -a E. A.  Farbe r ,  Ph.D. ,  and R. L. SanMar t in ,  Esq. 
ABSTRACT 
This paper  presents  and discusses  four  methods which have been developed 
and are being used by the authors  i n  the study of the mixing phenomenon, a n  impor-  
tant  factor  in  the explosive "yield" analyses of liquid rocket propellants. The first 
three  methods 
A. Film Analysis 
B. Wax Cas t  AnalysiF 
C. Vibration Mixing Analysis 
can be classified as simulation study methods since they involve nonexplosive - 
thus simulated media. The fourth method 
D. Thermocouple Grid Analysis 
can be used both i n  s imulated as well as explosive tests. 
typical resu l t s  f rom these studies are presented. 
These four methods and 
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INTRODUCTION 
In our present-day rocket development i t  is of utmost importance to be able 
to predict with sufficient degree of certainty the explosive yield hazards of acciden- 
tal liquid propellant rocket explosions. This is necessary to properly protect the 
astronauts, the launch support personnel, and the surrounding facilities. Further  
insight into the phenomena that lead up to and produce the yield may allow control 
over these processes and thus the explosive yield from such happenings. 
This explosive yield can be defined in  t e rms  of TNT equivalency (how many 
pounds of TNT produce the same effects as one pound of propellant mixture) o r  
preferably as a fraction of the theoretical maximum. 
Ea r l i e r  studies of liquid rocket propellant characteristics" 2J have indi- 
cated that the study of the characterist ics can be divided into a number of subprob- 
lems, which can be studied separately and independently and then the results f rom 
such studies could be combined to give the answers sought. 
Some of these subproblems are the "yield potential'' (theoretical maximum), 
essentially a problem in chemical kinetics, the "mixing function, ' I  essentially a 
problem in hydrodynamics with heat transfer added, and the "delay time, I '  the tir*e 
between initiation of failure and ignition. These subproblems are under study now 
and will be reported in separate papers. 
The present paper will deal with the second of these factors, the "mixing 
function, It  which may be defined as the proportion o r  fraction of the propellants 
mixed at any time t. This fraction can be expressed i n  a number of ways as will be 
seen in this paper. It can be defined i n  t e rms  of a contact a r ea  o r  surfaces propor- 
tional to this area, in terms of liquid interfaces, of mixing surface profiles, etc. 
This paper will describe how this was done in various manners by four experimen- 
tal methods which a r e  independent but complement each other. In many experi- 
ments two of these methods were used simultaneously so that the results could be 
compared for one and the same experiment. 
These four methods a r e  
A. The Film Analysis 
B. The Wax Cast Analysis 
C. The Vibration Mixing Analysis 
D. The Thermocouple Grid Analysis 
The Film Analysis is a method which depends on high-speed photographic 
coverage of the mixing phenomena, followed by an analysis and proper interpreta- 
tion of these records. 
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The Wax Cast Analysis "freezes" the mixing process a t  different stages of 
the process s o  that the solidified image can be analyzed at a la ter  date and at lei- 
sure. 
The Vibration Mixing Analysis simulates small fluid elements by different 
density, different color, differently shaped particles such as marbles, by shaking 
them on a vibration table for certain lengths of time, and by removing particles 
periodically simulating such things as evaporation or spill losses. Thus the mixing 
phenomena can be studied in small  incremental steps, simulated by particles as 
large as. marbles o r  as small  a s  in powders. 
The Thermocouple Grid Analysis, the best and most powerful of the four 
methods, consists of a three-dimensional grid of fine thermocouples, which pro- 
duces a time record of temperature and its variation at many points in a region un- 
der investigation. These readings can be interpreted as will be explained to give 
insight into the phenomena leading up to  and having a hand in  producing the yield. 
In the following pages these four methods will be discussed in  detail, and 
some of the results which have been obtained will be presented. These results 
will give an indication of the value of these study: methods in  investigating t?le mix- 
ing phenomena of liquid rocket propellants. The results presented here  a r e  not in- 
tended to simulate a particular missile or missile failure but rather to demonstrate 
how these methods can be employed in the study of the mixing produced by many 
different missile configurations and types of failures. 
- ~~ 
THE METHODS 
A. Film Analysis 
For  the application of this method for analysis, it is necessary to obtain a 
high- speed pictorial record of the mixing phenomena, involving high speed photo- 
graphic equipment. F o r  the present investigation transparent configurations were 
chosen and then, by placing m i r r o r s  a t  various angles, three-dimensional views 
were obtained on the same frame of the high-speed recording film. For  non-trans- 
parent arrangements, X-rzy, Gamma-ray, o r  t racer  techniques could be used in a 
similar manner. Some of the latter techniques have been used by one of the authors 
in concentration studies and profile interface studies of two- and three-phase mix- 
tures. 4,5,6,7 
Figure A-1 presents an overall view of the experimental apparatus used in 
the study of the mixing processes between hot or  cold oil and water, hot wax and 
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water, L N  and kerosene, etc. It consists essentially of a Pyrex glass tube filled 
to a desired level with one liquid, and another Pyrex tube above fi.lled with the de- 
sired amount of the other liquid. A shim stock diaphragm between the two glass 
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tubes holds the upper liquid in place. A t  time zero the diaphragm i s  snatched out 
by a quick motion system so as to remove it almost instantaneously. Slower re -  
m s a l  of the diaphragm according to a programmed input can, if  desired, simulate 
a progressive failure. If a complete diaphragm or  bulkhead failure is  not desired, 
a second fixed diaphragm can be inserted in addition to the removable one so that 
when the latter is removed, a desired size opening, a t  a desired location,, remains 
simulating a particular type of failure. 
a' 
Figure A-2 shows a number of frames for oil (top) and water, simulating- 
bulkhead failure in a 1 1 /2  in. ID tube and an  ullage space of 4 '. in. Successive 
frames taken at 64 frames per second show the progression of the mixing process 
from three views, 120 degrees apart. 
.. 
- 
I _  
The analysis can be made directly f rom the frames as  projected on a screen 
o r  f rom a more permanent record by either blowing them up on photographic paper 
o r  tracing the outlines of the mixing fronts as shown in Figure A-3. 
-- - 
Figure A-3 further indicates the reproducibility of the mixing experiments 
by showing the traces of three identical runs and how close the total profile areas 
match. 
F r o m  the three-dimensional views o r  traces,  the total surface areas were 
determined by graphically obtaining the perimetric surface of small  irregularly 
shaped discs. The resulting outside surface area, or  Ao, can then be plotted ver-  
sus frame o r  versus time (see Fig. A-4). 
Since there are ,  however, droplets o r  particles of one liquid (vapor o r  sol- 
id) surrounded by the other within the space circumscribed by the profile, deter- 
mined as described above, to get the true contact area between the liquids, these 
additional surfaces must be taken into account. This was accomplished by a te- 
dious method of counting these droplets, determining their size and surface a reas ,  
and adding these new areas  to the profile areas.  The ratio of the total a rea  to the 
profile o r  outside a rea  of any particular f rame was defined as  the "Turbulence Fac- 
tor" for this frame. This slow process of determining the total a reas  o r  contact 
areas  was shortened considerably later by the very satisfactory apprqyimate meth- 
od of comparing frames from different runs with standard frames for which the 
IITurbulence Factors" had been determined carefully, and ascribing the same "Tur- 
bulence Factor" to other similarly appearing frames. 
6 
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Figure A - 2  l’ypieai Film Frames Used i n  Film Ana lys i s  
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Figure A-5 presents the "Turbulence Factor" for the runs presented in Fig- 
ure  A-2 and Figure A-3. 
Using Figure A - 4  and Figure A-5,  and combining them, gives the total area 
The o r  an  a rea  directly proportional to the true contact a rea  between the liquids. 
result is seen in Figure A-6.  
The "Turbuisnce Factor" has been further substantiated by the Wax Cast 
Analysis which will be described below. 
Figure A-6, in addition to giving the total area, shows the remarkable re- 
producibLlity of these experiments. Furthermore, this figure demonstrates the ef- 
fect of mixing energy. It shows three runs with a 2 1 / 4  in. ullage space and three 
runs with a 4 1/4 in. ullage space. Considerabky more area is obtained for  the 
4 1/4 in. ullage space since the upper liquid obtained greater  kinetic energy before 
mixing. In these, as well as all other experiments, it was observed that the re- 
producibility of mixing increases with the increase i n  mixing energy. 
The Film Analysis as described above proved to be a n  invaluable aid in the 
study of the mixing phenomena of liquids. The results, however, were not taken as 
correct  unless they checked with the results of another of the methods described 
below, simultaneously applied to the same experiment. 
In the case of the mixing of hot and cold liquids with temperature differences 
great  enough. to produce boiling of one of the liquids, another factor - the "Boiling 
Factor" - was introduced which accounted for the surface prcjduced by the vapor 
bubbles of one of the constituents. Similarly a "Freezing Factor" could be intro- 
dueed. These additional factors were often required when a cryogenic liquid was 
used as one of the constituents. 
A number of different diameter Pyrex  glass pipes were used in  the mixing 
studies ranging from 314 in. ID to  b 3/4  in. ID'S to give a relationship for  size. In  
these experiments ths effect of surface tension could be observed since it altered 
some of the phenomena in  the smallest sizes. 
B. Wax Cast Analysis 
The Film Analysis as described previously was a dynamic method of anal- 
ysis and the results had to be obtained by interpreting recordings of the actual mix- 
ing-phenomena through the profile area,  turbulence f a c x r ,  and boiling and freezing 
factors, to obtain the total a rea  o r  contact area.  
The Wax Cast Analysis allowed the "freezing" of the actual mixing process 
By varying the at  various stages of the mixing by mixing hot wax with cold water. 
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temperatures slightly the wax would solidify ear l ier  o r  iatar in the mixing process 
and the wax casts obtained in this manner could be analyzed at leisure m y  time 
the reafter. 
The experimental apparatus and setup for the Wax Cast Analysis is identical 
with the one for the Film Analysis, and so for  many experiments both methods of 
analysis were used simultaneously and checked against each other. 
Figure B-1 shows a series of such wax casts  representing a complete ex- 
periment. Excellent reproducibility indicated by the Film Analysis allowed the ex- 
periments to obtain these wax casts to be carr ied out identically except for slight 
variations in temperature. The wax casts indicate the progress of the mixing pro- 
cess. A 
small  (usually in. ') grid was laid out on the surface and then the area deter- 
mined by counting. Y h i ~  proceduie was checked by dipping these samples into paint 
and letting them dry. BY-sectioning the samples, determining the thickness of the 
The profile a r e a  was determined from these wax casts  by two methods: 
paint film and its density, after having weighed the sample before coating and after 
coating, the profile a r e a  could be determined. Essentially the same answers were 
obtained by both methods. 
The serially sectioned samples o r  wax casts i n  Figure B-2 allowed the total 
a rea  to be determined by the same method used for  the profile area. 
The ratio of the total o r  contact area and the profile area again represented 
the "Turbulence Factor. 'I 
Curves of the profile a r e a  versus time-(Fig. B-3), the total o r  contact area 
versus time (Fig. B-4), and the "Turbulence Factor" versus time (Fig. B-5) were 
plotted. 
The W a x  Cast Analysis was primarily used to check the results f rom the 
Film Analysis and, after it was found that the results f rom both analyses were i n  
essential agreement, it was not used further. 
C. Vibration Mixing Analysis 
Another method by which the mixing processes and phenomena were studied 
is the Vibration Mixing Analysis. In this method the fluid particles are simulated 
by solid particles of various. sizes, shapes, colors, densities, etc. These solid 
particles used in various proportions and configurations are mounted on a vibration 
table and shaken for certain lengths of time. Figure C-1 shows the experimental 
arrangement simulating spill mixing configuration. Three liquids a r e  represented 
by different color marbles and a r e  arranged in a desired configuration. Shaking 
the configuration for predetermined times the marbles will d.iffuse into each other. 
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Thus is this manner  the mixing process  simulated hereby can be studied in steps. 
Figure C - 2  presents  a number of the views representing these s teps .  Any  
particular region can be studied in this manner  by removing this volume and count- 
ing the par t ic les  of each of the constituents present .  This gives the percentages of 
each one of these constituents, thus the degree of mixing i n  this  region. 
Removal of some of the par t ic les  f rom cer ta in  regions a s  programmed and 
governed by the fundaixental relationships of heat t ransfer  can fur ther  account for  
evaporation losses, taking into account boil-off as par t  of the mising process .  
In this manner  a curve can be plotted for  the fraction mixed a s  a function of 
time. The time sca le  is a rb i t r a ry  since the amplitude and frequency of the shaking 
table have a pronounced effect on the speed with which the mixing progresses .  To 
find the absolute mixing time ei ther  an  experiment  with liquids o r  theoretical cal- 
culations will give the time scale  needed. This  absolute time superimposed upon 
the curve gives the t rue  mixing functi m- t ime relationship. 
Figure C-3 presents  a mixing function curve representing the J - t e s t  s e r i e s  
6 of the Arthur  D. Little Spill Tes t  P rogram.  
I t  is interesting tonote that all mixing experiments produced the same char -  
ac te r i s t ic  shape of the mixing function curve, only the actual values and speed with 
which the process  occurred  were  different. 
D. Thermocouple Grid Analysis 
The three methods for  studying the mixing process ,  the Film Analysis, the 
Wax Cast Analysis, and the Vibration Mixing Analysis a r e  excellent methods fo r  
obtaining insight into the phenomena taking place when different liquids mix. They 
a r e ,  however, simulation methods and a r e  not readily applicable to  actual explo- 
sive mixtures where detonation and explosion would, in  most  cases ,  destroy the 
records.  
The Thermocouple Grid Analysis overcomes this difficulty and can, there-  
fore ,  be considered the most  powerful and best  of the methods discussed in  this pa-  
per .  I t  is the best but a lso the mos t  e laborate ,  mos t  expensive (and the data re- 
duction the most  tedious) of the four methods. For explosive tes t s ,  i t  is, however, 
the only method which will give information from time z e r o  of the failure up to and 
beyond the time of ignition. 
The hear t  of this method is a gr id  of thermocouple junctions spaced through- 
These can be placed inside the tanks of a miss i le  and 
A continuous time re- 
out the region under study. 
estend around i t  i f  fireball informationand data a r c  desired.  
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cord of the s i g n d s  f rom the individual junctions is kept for  the complete period of 
the processes  under investigation. This  method, through i t s  three-dimensional r e -  
cords  of the complete time history, can provide a grea t  amount of information with 
respect  to: 
1. 
2. 
3 .  
The three-dimensional mixing front  of a par t icular  
constituent ; 
The degree of mixing a t  a par t icular  point; 
The degree of turbulence a t  a par t icular  point; 
and, in explosive tes t s ,  in addition to  the above: 
4. 
5. 
6. 
7. 
8. The separat ion of shock front  arid reaction front, etc. 
The location of the point o r  points of ignition; 
The t ime delay f rom t 
of ignition; 
The propagation of the reaction front; 
The propagation of the shock front; 
of the mixing to  t 
0 0 
The experimental arrangement  and equipment for  the Thermocouple Grid 
Analysis is the same as that for  the Film Analysis and can readily be incorporated 
into s ta t ic  explosive tes t  Esries. The only addition m c e s s a r y  is a three-dimen- 
sional gr id  of fine thermocouple junctions giving good response character is t ics .  
Full response t imes  of l e s s  than 1 0  m s e c  have been obtained in our laboratory. 
The signals f rom these thermocouple junctions can be fed to  the recording 
equipment, which may  k c  close by, in iner t  t es t s ,  o r  a t  some distance i n  explosive 
tes ts .  
The overall experimental arrangement  for  the work reported upon he re  is 
shown i n  Figure D-1. The experimental apparatus all; 2-0 recording equipment a r e  
shown. A l l  the control experiments using this arrangement ,  in  addition, made use 
of high-speed camera  recordings of the mixing phenomena s o  as to have a check and 
comparison between the F i lm Analysis and the Thermocouple Grid Analysis. 
Figure D-2 pictures thermocouple gr ids  which were  used in  some of these 
investigations. Our laboratory has  the capability of monitoring over  40 individual 
junctions at present  which can be extended to  65 i f  needed. By high-speed periodic 
sampling through commutation this capacity call be increased manyfold, but the 
time continuity of the records has  to be sacrificed. 
Figure D-3  presents  t r aces  obtained f rom a mixing experiment. A l l  twelve 
t races  in this case  correspond to  junctions in  a ver t ical  plane at three  different 
elevations with four junctions equally spaced in each one of these elevations and ar-  
ranged in  straight lines. 
Figure D-3-A presents  t r aces  of the mixing of hot oil and water. Figure 
D-3-B presents  t r aces  of the mixing of L N  and kerosene. 
2 
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Figure D-4 presents the resulting mixing profile a s  determined by interpo- 
lation between the junctions of the thermocouple grid a t  time t. 
Figure D-4 also presents the resulting mixing profile of the same hot oil 
and water experiments a s  determined by the Film Analysis a t  the same time t. 
It can be seen that the results from both methods of analysis a r e  essentially 
More and closer space thermocouple junctions would give more points the same. 
for drawing the mixing profile and would fix this surface with greater  reliability. 
The degree of mixing at any time, t, around a particular junction can be de- 
termined from the time history at this junction by writing the relationship for mass  
and energy balance at this junction incorporating the laws of thermodynamics, fluid 
flow, and hest  transfer. ai computer program to do this is of great help i f  a con- 
siderable number of junctions are involved. 
Averaging the conditions around each of the individual junctions can then 
give the mixing function, the fraction mixed at any time t, Figure D-5. 
SUMMARY 
The preceding discussion of the four methods which can be employed in in- 
vestigating the mi-xing phenomena of liquids to estaolish a mixing function-time re- 
lationsfiip shows the value of these methods, their relative merits, and singular ad- 
vantag-s to do the job. 
The Film Analysis is relatively simple and easily carried out, but, in its 
simplest form, the use of light requires transparent ccntainers and rather trans- 
parent constituents. In  its more sophisticared forms - using shorter  wavelength 
radiation, such as X-ray, Gamma-ray, o r  t racer  methods - the equipment nec- 
essar;- becomes much more complex. 3: 
The Wax Cast Analysis allows the checking of the r e s i l t s  obtained by the 
Film Analysis by independently establishing the mixing profile, total o r  contact ar- 
ea, and turbulence factors. 
The Vibration Mixing Analysis provides a method by which: again as in the 
Wax Cast Analysis, the mixing process can be stopped at any point in its develop- 
ment and studied at leisure. 
- 
The Thermocouple Grid Analysis, the m c a r  powerful of the four methods, 
can provide al l  the information Qf the above metnods (except for stopping the mixing 
process a t  any point in i ts  development) and, in addition, can be used inactual mis- 
sile configuration explosive experiments. 
It) ‘he manner described above these methods can provide information whi-h 
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is not available at  the present time and, through this information, can give better 
insight into, and understanding of, the actual happenings during the mixing process 
and leading up to the explosion of liquid propellant mixtures - information which 
is needed if  we ever hope to control and guide these processes. 
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FIREBALL HYPOTHESIS DESCRIBING THE REACTION FRONT AND 
SHOCK WAVE BEHAVIOR IN LIQUID PROPELLANT EXPLOSIONS 
by 
j. ..- -. E. A. Farber, Pi1.D. and J. S. Gilbert, Ph. D. 
ABSTRACT 
This paper presents a hypothesis describing the reaction front from the time 
of ignition in liquid propellant mixtures, the resulting buildup and generation of a 
shock wave, their travel through the mixture to the propellant air interface, and the 
subsequent separation and separate behavior of the shock wave and the reaction 
front. The hypothesis was applied to a few liquid propellant explosions for which 
sufficient high-speed camera coverage was available resulting in  quantitative ve- 
locity-time graphs, theoretical from time of ignition to after the time of separation 
of shock wave and fireball, and both theoretical and experimental from that time 
on. From the discussion of this hypothesis and the method of calculation, it can be 
seen what experimental information, not available at this time, is needed to verify 
or possibly modify this hypothesis. 
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INTRODUCTION 
With the present emphasis upon space exploration ar.d large manned liquid 
propellant rocket developments, the problem of liquid propallant explosion hazards 
has become increasingly important. Much work is being done trying to find meth- 
ods by which these hazards to the astronauts riding the rocket, to launch support 
personnel, and to the pliysical facilities can be predicted. 
Some work '' " 32 4a is and has been done for predicting some of the end 
results from theoretical studies, supplemented by experimental work looking at  the 
actual phenomena in detail. The present paper v i X  discuss a hypothesis which is 
intended tc give insight into the phenomena taking place in liquid propellant explo- 
sions from the time of ignition through the buildup of a detonation wave, the travel 
of the reaction front and shock wave, the crossing Zrom the liquid-air interface 
into the air, and then the tsavel and attenuation of the shock wave and the develop- 
ment and dissipation of the fireball. 
For the purpose of this discussion the problem is divided into four parts 
which together form the "Fireball Hypothesis. rr These four parts are: 
I. The region where ignition produces phenomena that develop into the de- 
tonation phenomenon. 
11. The region where the reaction front and the shock front travel through 
the liquid propellants. 
III. The lirpid prhpellant-air interface - actually a region where the liquid 
boundary begins to move and where the reaction front forming the fireball and the 
shock wave separate. 
IV. The region in which the shock wave travels through the atmosphere as 
an air shock and where the fireball grows and develops separately far benind the 
shock wave. 
Figure 1 is a sketch of the hypothesis showing the four regions, for 0r.e case 
These regions a re  discussed in detail in the follcw- of confinement and yield, etc. 
ing pages. 
It might be well to mention that the scales chosen fo.: presenting the four 
regions in Figure 1 a re  different for each so as to be able to show the variations 
occurring i? ' *.b region. Region I11 is actually very small; Regions I and I1 make 
up the physical space of tne liquid propellants, their relative size being a function 
of the explosive yield obtained from the propellants. Region IV is by far the larg- 
est. 
Also on a time scale, the phenomzna in Region I, I1 .ind 111 will happen in a 
matter of miiliseconds and/or microseconds, %;/bile those of Regkx IV ordinarily 
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stretch over many seconds. This las t  fact is also the reason why measurements 
a r e  available for a good par t  of Region IV, while they a r e  not for Regions I, I1 sild 
111. 
Another paper3 reporting upon work covering another phase of the problem 
of liquid propellant explosion hazards, namely the mixing function, an  important 
factor in the prediction of explosive yields, proposes a method which is believed to 
be able to give experimental information in Regions I, I1 an< 111. 
THE FOUR REGIONS 
Region I - The Region Where Ignition Produces Phenomena That Develor, Into the 
Detonation Phenomenon 
Some time after liquid propellants a r e  brought together, either intentionally 
or through failure, ignition may occur and usually does occur. At this time of ig- 
nition a certain fl-actionof the total propellants involved is mixed and ready for re- 
action. Since mixing continues with time, but also evaporation losses occur where 
cryogenics a r e  involved, the ignition time has a pronounced effect ilpon the explo- 
sive yield2' '. The time of ignition may be essentially r. constant for hypergolics 
or  a random function for cryogenic propellants. 
The reaction between the propellant components thus initiated will progress 
This may be ex- rather quickly am0n.g those molecules that are ready to react. 
pressed simply as 
= kN dN dt 
-
N - number of molecules ready to react  
t - time 
k - reaction factor 
Since the molecules that a r e  ready to react  at time, t ,  must be in  "contactr1 
with each other, they can be thought of as  located on a "contact area" o r  "surface" 
produced by the mixing process. Thus the above equation can also be expressed a s  
- = kA dt 
A - contact a rea  
This contact area,  or a surface proportional to it, can be measured experi- 
mentally for a particular missile configuration and mode of failure a s  a function of 
time. For the purposes here and from a theoretical point of view, i t  could be con- 
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in  Region I (Reaction Fac tor  = kot) 
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sidered spherical for  a f i rs t  approximation, thus assuming the reaction progresses 
in all  directions, which will certainly be true in the initial stages. Tinus we czn 
write 
2 
2 4 s r  
Y 
A = 2 = 4 a r  (3) 
r - equivalent radius of actually reacting spherical surface 
r 
Y - radius of actual total contact a rea  of which only a fraction y reacts 
y - yield 
Little info mation is available on the reaction factor k in Equation ( 2 ) .  Let 
us assume that it is a function of time and that it can be expressed a s  
(4) 
a k z k t  
0 
where k and a a r e  constants. 
0 
With this information and the above assumptions 
grated. 
- A. For  a = 0 in Equation (4), Equation ( 2 )  can be 
Equation (3)  one obtains 
0 
k 
5 f i k o  - T t 2  
v =  e k 
- t  y2 0 2 1  2e 
k 
Equation ( 2 )  
integrated, 
can 
and 
be inte- 
utilizing 
e 
Where v 
velocity is reached. 
is the velocity in Region I and r the corresponding radius a t  which this y2 2 
Plotting these parametric Equations (5a) and (5b) as v versus r ,  the par t  
Y 
of the Fireball Hypothesis falling into Region I is obtained (Fig, ZA). 
- B. Repeating the operatioil of part  A but with a 1, making the reaction 
factor a linear function of time instead of leaving it a constant.as in A we obtain - 
V 
y2 t2 
O L  
2 t2 
e 
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Plotting these parametric equations as  in 4, Figure 2B is  obtained. 
Other functions can be selected for the reaction factor and with i t  other ve- 
locity rise rate curves can be obtained. The decision a s  to which relationship rep- 
resents the true case best (for particular propellants) will have to wait until exper- 
imental information, either direct as  velocity measurements o r  indirect in terms 
of contact area-time measurements, for some of these cases becomes available. 
The yield, y, was considered constant o r  a t  least  an average value in the 
Any other function can be selected in this analysis a s  soon a s  above calculxtions. 
there is some justification for it, 
It i s  believed that the above approach gives better insight into the happen- 
ings in Region I and allows for the expression of these happenings in a satisfactory 
manner. 
Region I1 - The Region Where the Reaction Front and the Shock Front Travel 
Through the Liquid Propellants 
- -  
In Region 11, i f  the propellants were properly mixed, uniform o r  smooth 
propagation of the reaction front and the shock wave would occur. Since this is 
most likely not the case the traces must be considered average curves since actu- 
ally they would have small  steps, like a stairway, superimposed upon them. These 
finer points can be added in later on, after the overall hypothesis is developed and 
assuming that enough information is available to do this. 
If the physical system is very small o r  if  the system is essentially uncon- 
fined, thus not ccpable 3f aupporting pressure gradients, then the waves would trav- 
e l  with the velocity of sound as  soon a s  these velocities a r e  reached. Under these 
conditions the velocity could be considered constant in the Region I1 with the reac- 
Lion or detonation and shock traveling together. 
Actually confinement, especially in the earlier stages, will build up pres-  
sure  a d  temperatui+e due to the- reaction taking place and will further increase the 
front velocities, Assuming the degree of confinement in terms of the masses  sur- 
rounding the reaction, the pressures and temperatures can be estimated, and from 
them the wave velocities. Studies have shown however that the velocities in liq- 
uids do not increase very fast  with increase in pressure so  that the original as -  
sumption of essentially constant velocity in thio region seems justified, 
7 
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As the traveling waves approach the boundary of the liquids, the confine- 
ment decreasesi  and so the velocity differential between unconfined, or  sonic, and 
the actual velocitv decreases. Therefore a maximum velocity wi l l  be reached in 
this region which is a function of cor,fincrncnt> and whic:. i s  also dependent upon the 
missile configuration and yield for apccific propellants, 
Calculations have been made for confinement but seem to be of lesser  :xi- 
portance than other considerations. 
Figure 3 represents schematically, for a particular condit'on, the velocity 
r i se  and following decrease in Region 11. 
In Figure 3 ,  detonation velocity is reached at  point A. In a? unconfined sys- 
tem the velocity may be considered constant until the air-liquid or  vapor-air inter- 
face i s  reached. Thus the line AB would represent this case. If confinement is 
considered, which is naturally highest on the left hand side of the Region 11, the 
wave velocities will still  increase until, due to continuous decrease in confinement, 
they reach a maximum, and then will decrease to a value above o r  equal to the un- 
confined system, depending upon what the confinement i s  at th. *.icpid-air boundary. 
Thus the actual case will be more closely represented by the curve A-A -B.  
> >  
, 
As mentioned >-hove, present information indicates th.d these points A and 
Vapor incl:,sion in the systern 
> 
B a r e  not believed to be far  above the line A-B. 
can alter this picture. 
The calculations f o r  these curves in Region I1 a r e  relatively simple. They 
can be carried out provided the equation of state, heat generation and losses from 
a certain region, and constant volume processes for complete confinement, o r  ap- 
prspriate volume changes for the various degrees of confinement, a r e  con:{idered. 
Again verificationof this part  of the hypothesis must await experimental in- 
for mation, 
Region 111 - The Liquid Propellant-Air Interface, Actually a Region Whers the 
Liquid Boundary Begifis to Move and Wherc the R e a c t i o n z o n t  Forming the - -  Fire-  
ball and the Shock Wave Separate .--
When the reactioii front and shock front reach the liquid propellant-air in- 
terface (or  in some cases the boundary of the mixi:ry; reginn within the missile), 
which most probably has begun to move slightly, two distinct phenomena occur.. 
A. The shock in the l i 'yid is tr;mformed into a shock 
wave h a i r ,  thus a wave-to-.:. le phenomena tran- 
sition, essentially not involving mass transfer. 
B. The reaction front, 01 detonatioii front, is trans- 
formed into a moving mass front, thus a transi- 
tion from a wave phenomenon IC; a particle The- 
nomenon. 
.. 
i 
+- 
Distal 
II 
A '  
I :e from Point of Igniti n, 
Figure  3 Representation of F i reba l l  Hypothesis 
i n  Region Y 
B( 
III 
\ I Dc 
Figure 4 Representation of the Fireba l l  
Hypothesis i n  Region III 
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It seems that this may well be the reason why at this point the two phenom- 
ena, as f o r  instance represented by the velocities, follow their own and different 
paths. 
The shock wave may experience a decrease in velocity as  i t  crosses from 
the liquid into the air through possibly a small vapor layer. Very little informa- 
tion could be found about the transition of a shock wave from one medium into an- 
other and especially for this case where the compressibility is so  different. 
The rezction front when reaching the interfsce also as a wave phenomenon 
will now have to change into a particle phenomenon where the propellant particles 
have to move out fcrming the fireball boundary, thus invalving tremendous amounts 
of mass transfer. This transition must produce a rather abrupt change in the ve- 
locity in a rather small reginr,. 
These phenomena a r e  represented schematically in Figure 4 for Region 111. 
Calculation of the changes in Region IIX a r e  very difficult and the numeri- 
cal results questionable at this time since a number of assumptions a re  necessary- 
which need experimental verification to lend validity to these results. 
However, qualitatively it is believed that this hypothesis fits the happenings 
and gives further insight into this very complicated process. 
Region IV - The Region in Which the Shock Wave Travels Through the Atmosphere 
as an Air  Shock and Where the Fireball Grows and Develops Separately Far Behind 
the Shock Wave 
After separation of the shock wave and the reac;ion front each of these phe- 
.__ 
nomena follow their mvn physical laws and relationships. 
Fortunately some experimental information is available in this region on 
both the shock and the fireball. All this information, however, is for considerable 
distances frgm the liquid-air interface, acd theory again will have to bridge this 
gap * 
Air  Shock 
The attenuation of the air  shock can be approximated by the well- 
known equations of compressible fluid flow and can be expressed in terms of the 
pressure ratio across the shock. 
where v - shock velocity 
S 
0 0 
c 
y - 1.4 for a i r  
- velocity of sound at P 
P,/Po - pressure ratio across shock 
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The pressure ratio can d s o  be expressed in terms of the propellant weight, 
the yield, the distance from the point of ignition and some constants. 
Equation (8) can now be substituted into Equation ( 7 )  to obtak the desired 
relationship, giving the air-shock velocity in terms of the distance from the point 
of ignition. Spherical geometry was assumed throughout in these derivations and 
whenever the fireball- moved, r was taken as the radius of the fireball. This-was 
necessary since otherwise information like wind velocity, etc. would have to be 
added into the above equations. Equation (9) is the desired result giving the air- 
shock relationship for the fireball hypothesis in Region IV. 
-w 
m 
( W  Y - 1  
The symbols in Equation '"1 I--.vc the meanings as defined earlier with b and 
m constants. 
Equation (9) now allows the calculationof the vclocity of the air shock at any 
disence from the missile (Fig. 5). 
Fireball Boundary 
The fireball boundary can be calculated by utilizing the perfect gas 
relationships and considering either the spherical or  hemispherical configuration. 
Then considering the heat generated through the chemical reaction processes and 
the heat losses, the necessary constants describing the process can be evaluated. 
Information such as that found in the literature 4' 5D6a *' is very helpful in this treat- 
ment. 
Further considering that the heat or  energy released minus the amount used 
in raising the temperature and minus the amount lost produces the kinetic energy 
which is observed in terms of the velocity at any time t or at any distance r. This 
is then the fireball velocity as expressed in Equation (10). 
In Equation (IO), Q is the energy released and available for acceleration of 
the mass m. As can be seen the fireball velocity, that is the boundary velocity, is 
inversely proportional to the 3/2 power of the radius. Q CPII. be expressed in terms 
of the total weight of the propellants and the thermal yield. 
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Figure  5 Graphical Representation of Firebal l  
Hypothesis i n  Region IV 
I II 111 IV 
A 
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A '  
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Fireball Radius, r 
Firebail fi 
Figure 6 Graphical Representation of the 
Complete F i reba l l  Hypothesis 
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Figure 5 represents schematically the shock velocity and the fireball ve1o.c- 
ity in Region IV, indicating the separate paths which they follow. 
It might be well to mention again that in  the presentation of the fireball ve- 
locity the actual center of the fireball was used as reference rather than the origi- 
nal point of ignition. If tiiat had not been done then the movement, r i se  of the fire- 
ball and drift due to winds and atmospheric conditions would- have complicated the--- 
pres entation. 
~~ 
Complete Fireball Hypothesis 
Having discussed the four parts o r  regions of the complete fireball hypothe- 
a i s  they can bt: combined to give the complete picture, which is presented in graph- 
i-cal form in Figure 6 .  The different regions a r e  not plotted to the same scale but 
rather to a scale which allows the presentation of the variations in each region. 
This was done by enlarging Region I, and especially Region 111, and by shrinking 
Region 11, and especirlly Region IV. 
- _ _ ~  __  
~ 
Figure 6 presents graphically the complete ftreball hypothesis for a specific 
Different yields would change it slightly, specifically the relative sizes of yield. 
Regions I and LI. The higher the yield the smaller is Region I. 
The various regions of Figure 6 can be compared with the detailed regions 
and their discussion under the specific headings, Region I, Region 11, Region I11 and 
Region IV. 
- Comparison of Results from the Hypothesis and Some Actual D a g  
To show how this hypothesis agrees with the sparse  experimental informa- 
tion available, films of the S-IV Test were analyzed and analyses from the various 
reports were used. The hypothesis is plotted in Figure 7 and the available experi- 
mental points a r e  superimposed. 
The equations used for plotting the calculated curves in Figure 7 were Equa- 
tions (9) for the air shock velocity and (10) for the fireball velocity. 
These equations for  the S-IV, where W = 91 200 lb, y = 0.045 avg., with 
their constants evaluated, have the following form: 
Shock Velocity: 
v = 1100 
S 
(91 + 1.17 200 x 0.045) r 
- 
1 1 . 4  
, I ' 1.17 
L J 
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P y r o  Interpretation 
I 
I 
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I 
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Distance f r o m  Point of Ignition, r 
Figure 7 F i reba l l  Hypothesis Applied to  the 
S-IV Experiment  with Experimental  
Points Superimposed upon the 
Calculated Curves 
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Firebal l  Velocity: 
157, 500 - 8o v -  F B  - 312 r 
The resul ts  f rom these equations are the solid curves  plotted in Figure 7. 
In this figure which is plotted to scale ,  Regions I, I1 and 111 a r e  s o  small  that not 
much detajl can be shown. 
SUMMARY 
In this paper a hypothesis was discussed which seems  capable of giving in-  
sight into the actual processes  taking place f rom the time s f  ignition in  a liquid 
propellant rocket explosion till the shock and the f i rebal l  have separated and d iss i -  
pated. 
This  hypothesis makes it possible to calculate curves  for  par t icular  missile 
configurations and yield es t imates  giving a package for  complete analysis. 
Some of the assumptions going into the analysis  natural ly  are not on a very  
firm basis  and actual experimental work mus t  be done before this hypothesis can be 
substantiated o r  modified. 
The thermocouple gr id  analysis which is discussed as p a r t  of another pa- 
3 
p ~ "  seems to be a method which could supply this information. 
In the meantime this f i rebal l  hypothesis s t andsas  a hypothesis but it seems, 
from the work done with it,  promising and useful in  the detailed study and analysis  
of liquid rocket propellant explosions. 
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by 
E: A. Farber  
In the studies a t  the University of Florida to predict the yield obtained f r  Jm 
liquid propellant explosiozs, the problem was divided into the study of three groups 
of phenomena which offered thcmselve s to separate and independent investigation. 
When the results of each of these independent investigations a r e  combined, the de- 
s i red yield value is obtained. 
I 
l 
These groups are: 
1. The Yield Potential Function. 
II. The Mixing Function 
III. The Delay and Detonation Times 
The yield potential function (I) is basically controlled by chemical kiqstics, 
the midng function (II) by the principles of hydrodynamics modified by heat trans- 
fer,  and thc delay and detonation times (III) by characteristic functions for some 
propellants such as hypergolics a n -  -y random processes for others. 
Theoretical studies of the above three groups of phenomena have been r ip -  
plemented by laboratory studies a t  the University of Florida with mixing studies of 
2 fluids simulating the liquid propellants. 
In addition to these laboratory experiments with inert  fluids the University 
of Florida group installed instrumentation inside two 25, 000-lb tank assemblies of 
the liquid propellant explosion test  series,  planned and conducted under Project 
PYRO at  the A i r  Force Rocket Propulsion Laboratory at  Edwards Air Force Base, 
California. This instrumentation was to measure phenomena following the initia- 
tion of failure. 
Because of the mode of failure selected by Project PYRO, the region swept 
through by the s tar  cutter had to be excluded irom detailed analysis since any in- 
strumentation in that region would have been destroyed by the cutter before the 
events occurred which were to  be measured. 
h: Professor of Mechanical Engineering, University of Florida 
1 
The overall purpose of this instrumentation was to 
1. Correlate the midng phenomena of the true 
propellants with laboratory mixing experi- 
ments using inert  fluids for simulation. 
To substantiate experimentally parts o r  all 
of the "Fireball H y p ~ t h e s i s " ~  proposed 
ear l ier  in these studies. 
2.  
Specifically it was hoped to be able to determine by this experimental pro- 
cedure part  o r  a l l  of the following: 
After failure but before ignition: 
1. The three-dimensional mixing front, o r  
boundary of the mixing region. 
The degree of mixing at a particular point. 
The degree of turbulence at a particular 
point. 
2. 
3. 
After ignition: 
4. The location of the point o r  points of 
ignition. 
The time delays from initiation of failure 
to s tar t  of mixing, to ignition. 
The propagation of the reaction front. 
The propagation of the shock front. 
The separation of the shock front and the 
reaction front. 
Other phenomena and events obtainable by 
detailed data analysis. 
5. 
6 .  
7. 
8 .  
9. 
Only in  (2) and (3) above do the thermocouple response characteristics have 
to be considered since in all  other cases only relative time differences a r e  needed. 
Excellent data were cjbtained in both experiments. Advantage was, however, 
taken of knowledge obtained from the data analysis of the first experiment, No. 278, 
to obtain the best results possible from the second experiment, No. 282. The main 
improvements were the moving up of some of the thermocouples higher in  the tank 
and closer to the star cutter, or  into the mixing region, since it was found that the 
s tar  cutter djd not travel as far as was previously expected. The recording oscil- 
lographs were, in the second experiment, operated at four times the speed of the 
first experiment to increase the resolution capabilities. 
The instrumentation tc accomplish the above consisted of 
1. 
2. 
Very fine thermocouples inside the tank. 
A reference junction box in an underground 
steel box near ground zero. 
3. High speed recording oscillographs. 
2 
T1.t- ser,sirig kslements inside the tank (Fig.  1) ccnsisted of 37 copper-con- 
stantan ti.+. -:ivcouples, No.  36 gage, shellacked and Teflon-coated. The theriio- 
couples - 'c*: -c= mad2 so that 110 excess material was present a t  the junction an\i the 
whole thermocouple lookei like a continuous wire with no visible variation at  the 
junction (F ig .  2). A small  plastic tube was slipped over the wires to about $ inch 
behind the junction acd filled with epoxy, botk to support the junction preventing rel-  
ative motion between the wires, and to provide a means for attaching the thermo- 
couple to the support wires inside the tank. 
The tLermocouples were located in the tank (Fig. 3), so a s  to give iin opti- 
They indicated the arr ival  of events at theis location and mum pattern of the data. 
changes occurring at or  in their- region. 
The leads of the 37 thermocouples (74 individual wiras) were guided along 
the support wires and ioosely tied to them about every 8 inches (Fig. 4). This gave 
the needed support to the fine wires and at the same time allowed them to give, in  
case they were hit by some small  fragments from the shattered glass diaphragm. 
The leads were then fed by means of two Cannon plugs through the tank wall, 
and on the outside by copper-constantan thermocouple cables to the hoc reference 
junctions, located in an underground steel box. E'rom there the signals produced by 
the thermocouples were carried by copper cables to three CEC recording oscillo- 
graphs. These recorders mere operating at a chart speed of 40 in. /sec for  experi- 
ment 278, and at 160 in. / sec  for experiment 282. 
The data obtained by the above instrumentation and method a r e  shown in Fig- 
ure 5 for a few thermocouples; 5A giving t races  from initiation of failure to some 
time after detonation; 5B showing only the time increment during which mixing 
s tar ts  and indicating the passage of the reaction and shock fronts. 
Preliminary analysis of the data from these two liquid propellant explosion 
experiments allow the following statements to be made: 
1. Experiments No. 278 and 282 were amazingly similar inpropellant rnix- 
ing, ignition and explosion characteristics. 
2. Practically all the mixing up to the time of ignition was confined to the 
volume swept through by the s ta r  cutter. This volume as  determined from the data 
was about 12 percent of the total, based upon the R P ,  giving an upperyield estimate 
of about 1 2  percent of the theoretical maximum o r  somewhat less  than 15 percent 
TNT equivalent. 
3. The actual temperatures a s  recorded by the t races  allow the calculation 
of the degree of mixing by means of a number of simultaneous equations which can 
most conveniently be solved by computer. 
3 




4. The degree of turbulence at  a particular point (the points where the 
thermocouple junctions were located) can be determined fporn the fluctuations and 
fine structure of the traces in te rms  of frequency and amplitude. 
5. There was only one point of ignition in each of the experiments and this 
point was located in each case (Fig. 6A and 6B). 
6. The time delays between various events can be determined from the 
traces. If projected on 3 screen these times can be read to a l / l O O O  of a milli- 
second. The time delay from failure o r  firing of the ram to ignition in experiment 
278 was 543 milliseconds, and in experiment 282 it was 580 milliseconds (read to 
the closest millisecond. Greater accuracy is available if desired). 
The accurate reading of these delay times also allows the exact determina- 
tion of the film speeds of the various cameras used. The importaoce of this is 
brought out, since none of the cameras operate at their nominal speeds and vary 
from one time to the next. F o r  instance, the two 4000 fps cameras during exper- 
iment 282 were operating actually at 2620 fps and 3750 fps respectively. 
7.  The propagation velocities of the reaction front could be determined and 
the preliminary analysis gives the results shown in Figure 7. 
8. By careful study of the fine structure of the traces the shock front prop- 
agation characteristics can be determined. 
9. From (7) and (8) aboveit can be determined where the two fronts travel 
together and where and when the shock front leaves the reaction front behind. 
10. With the delaytimes exactly determined, the film speeds a r e  known and 
with them the volume-time or  volume-distance characteristics of the reaction and 
shock fronts can be determined (Fig. 8). 
11. The fink structure of the traces reveals that some of the glass frag- 
ments from the shattered diaphragm hit some of the thermocouples in the upper- 
most of the four layers, but did not damage them, s o  they recorded t6is and later 
events. The glass fragments did not penetrate during their high energy state to the 
lower layers since the attenuation in the liquid was too great. 
12. From the fine structure of the traces,  at, least  three typical shapes a r e  
observed. One is where the LOX first arr ives ,  followed by the reaction and shock 
fronts; another where the reaction and shock fronts a re  the f i rs t  events io arr ive 
at the thermocouple, and the third where the shock front seems to pass, closely fol- 
lowed by the reaction front. 
The above statements a re  only a few of the many which could be made and 
more effort will go into evaluating the data to extract the maximum amount of in- 
formation possible from these experiments. 
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Fig. 8 
Fireboll and Combustion Products Cloud Volume as a Function of Time. 
It i s  believed that the above data and results to date have demonstrated the 
applicability bf this method of study and this instrumentation in the analysis of lici- 
uid propellant explosion characteristics. The application to the two 25, 000-lb ex- 
periments has added new information and furthermore showed the close c.>rrelation 
between inert  iiquid mixing experiments and the actual explosion experiments. 
The data analysis also allowed ths prediction of the yield and substantiated 
in general the Fireball Hypothesis developed a few years ago by the University of 
Florida group. r 
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CHARACTERISTICS OF LIQUID ROCKET PROPELLANT 
EXPLOSION PHENQMENA 
A research project initiated in 1964 by Dr. E r i c h A .  Farber ,  Research 
Professor of Mechanical Engineering, on liquid propellant rocket explosions, has 
resulted in the publication of five NAS-4 reports and sevec technical papers to date 
in this area. The research is under the sponsorship of the National Aeronautics 
and Space Administration. The seven papers listed below define and discuss the 
characterist ics of liquid rocket propellant explosion phenomena. They are:  
I: A Mathematical Model for Defining Explosive Yield and Mixing P r o -  
babilities of Liquid Propellants, by E. A. Farber .  
' II: A Systematic Approach for  the Analytical Analysis and Prediction of 
the Yield from Liquid Propellant Explosions, by E. A. F a r b e r  and 
J. H. Deese. 
III: Studies and Analyses of the Mixing Phenomena of Liquid Propellants 
Leading to a Yield-Time Function Relationship, by E. A. Farber  
and R. L. San Martin. 
IV: F i re ta l l  Hypothesis Describing the Reaction Front and Shock Wave 
Behavior i n  Liquid Propeilant Explosions, by E. A. F a r b e r  and J. 
S .  Gilbert. 
V: Thermocouple Grid Analysis of Two 25,000-lb LOX/Rf Liquid Pro- 
pellant Explosion Experiments, by E. A. Farber.  
VI: Explosive Yield Estimates for Liquid Propellant Rockets Based Upon 
a Mathematical Model, by E. A.  Farber .  
VII: Interpretation of Explosive Yield Values Obtained F r o m  Liquid Rock- 
et Propellant. Explosions, by E. A. Farber .  
Since research on this problem is continuous in nature, and considerable 
effort and time is expended thereon, more papers and reports in this ser ies  will 
be forthcoming. 
CHARACTEiUSTiCS O F  LIQUID ROCKET PROPELLANT 
EXPLOSION PHENOMENA 
P a r t  VI: Lxplosive Yield Estimates fcr Liquid Propellant Rockets 
Based Upon a Mathematical Model 
by 
E. A. F a r b e r s  
ABSTRACT 
Thls paper demonstrates how the mathematical model, '' developed ear- 
lier, can t e  used to estimate the expected explosive yields, as a resul t  of liquid 
propellant r c. &et failures. 
The t e s t  available data 3 r c  incorporated and a comparison is made with re- 
sults obtarnec. f rom liquid propellant explosion experiments. 
The mathematical model, programmed for an LRM-360 computer; u s 4  he re  
is described oriefly so as to elimicate the need fer the references.  
INTRODJCTXON 
The yield from liquid propellant za:p~osions, as a resul t  of missile failures,  
is of e x t r e x e  importance in assessing the hazards to astronauts,  launch-support 
personnel, launch-support facilities and surrounding communities. Since explosive 
tests of large liquirl propellant rockets a r e  not practical  beczuse of the costs and 
hazards invo:.red. prediction methods must  be  used in estimating the expected ex- 
plosive yields. 
A mathematical model was developed by the wri ter ,  a few years ago, for 
this specific purpose. At thAt t ime very limited information was available to eval- 
uate the validity cf the model. Considerable information has become available since 
that time. Data were obtained by the wri ter ' s  University of Florida Group, by in- 
strumenting two 25,000-lb LOX/RP explosive experiments3 and one 200-lb LOX/RP 
cold flow and explosive experiment, ca r r i ed  out at the Air Fo rce  RocketPropulsion 
Laboratory at-- Edwards Air Fo rce  Base,  Californiz, which established the yield 
function-spill function relationship. Only last week the Prel iminary Final Report 
of Project  PYRO became available, giving data which were used here to check the 
results predicted by th3 xrAo,lel. 
This information itAclad*ng the iner t  mixing experiments, increased the 
confidence in this model and established i t  as a very useful tool. 
*Professor and Research Professor  of Mechanical Engineering, University of 
Florida, Caine sville, Florida. 
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Yield Function 
The yield function, as used for this paper,  is defined as the fraction of the 
theoretically maximum yield which is actually obtained. 
y -  Y ' *  
theor. max. 
This yield can be expressed as T N T  equivalent yield on an energy basis bur 
ca re  must be exercised in predicting damage, since the pressure- t ime t race for li- 
quid propellants is different f rom that of TNT.  especially in the near  field. 
Spill Function 
The spill function, as used in this paper,  is defined as the fraction of the 
total volume of propellants mixed at any time t, multiplied by some modifying fac- 
tors. 
x=- vM FTFBFF 
vP 
Propellant Volume Mixed 
Total Propeilant Volume 
Turbulence Factor 
Boiling Factor 
Freezing Factor 
vM 
vP 
FT 
F33 
=F 
Inert  laboratory experiments, utilizing such fluids as water and oil, hot wax 
and water, hot oil and water, L N  and water,  L N  and kerosene, etc. established 2 2 
F' 
It was shown that, in the ea r ly  stages of mixi::g. these factors have a value 
near 1 and thus the spill function x is  essentially the normalized mixing volume. 
This latter fact was also established by the explosive experiments of the 25, 000-lb 
L O X / K P  and the 200-lb LOX/RF'. 
the factors F T, FB. and F 
Yield Function - Spill Function Relationship 
In the development of the mathematical model it was assumed that the rela-  
tionship between y and x can be expressed as 
b d  
X y = b s c  ( 3 )  
where b, c ,  and d a r e  constants. 
Again the explosive experiments of 25,000-lb LOX/KP and the 200-lb LOX/ 
R P  cold flow and explosive experiments proved the above relationship valid. 
3 
MATHEMATICAL. MODEL l J  
With the relationship between the yield function (y) and the spill function (x) 
established, the mathematical model can be formulated, resulting in a statist ical  
function which is capable of incorporating the above y-x relationship, and is able to 
1 , 2  provide for  valid estimating procedures of the parameters  involved. 
The statistical function is a modified Dirichlet bivariate surface with four 
parameters  a, b, c, and d. I t  is 
d r(a+btc)  xd-l d a-1 b-1 d 
r(a)r(b) r ( c )  (1-x ) y (x -yIc-l f(x, y) = 
where r is the gamma function. The only restrictions on this function are that 
d #  0 
d 
y > o ,  x > o ,  y < x  I 
T o  fully define the above function it is necessary to evaluate the parameters  
a ,  b, c, and d on the basis of the particular y-x relationship describing the physical 
phenomena. This can be done by the following statist ical  estimating procedure. 
Defining 
d v. = - 'i 
i d  u. = 1 - x . ,  1 
x 
i 
four simultaneous estimation equations can bewritten fo r  the four parameters  a,  b, 
c ,  and d. 
1 
- 
In v = Y (b) - Y(b -I- c)  16a) 
In 5 = In (b) - ln(b + c) 
In u = Y (a) - Y ( a  + b f c)  - 
where a bar  over an expression indicates the average value of all available 
values 
In indicates the natural logarithm (base e) 
Y is Euler ' s  Digamiaa Function 
F r o m  this mathematical model, the modified Dirichlet bivariate surface,  a 
wealth of inforriiation can be extrscted. Some of these are 
A. Probability Distribution of the Y s ,  P 
Y 
p (Y) = f L  fh Y) dx Y 
d 
Y 
4 
F r o m  this probability distribution, the average yield value can be found as 
well as confidence limits, indicating that a certain percentage of all yield values 
lies below the selected yield value. 
B. Probability Distribution for  the S p i l l  Function, P 
X 
This distribution can be  analyzed the same  way as the one under (A). 
C. Confidence Regions for the Yield and Spill 
The regions into which a cer ta in  percentage of all yield and spil l  values fall 
can be obtained by finding the normalized fractional volumes under the probability 
surface. This requires double integration of the function representing the mathe- 
matical model, necessitating the use of a large-scale computer. The integrals are 
of the f o r m  
V = s' yd f(x, y) dy dx 
x , y  0 0 (9) 
for  the total volume and with the proper  limits for the subvolumes. 
y versus x these regions can be seen looking like contour lines on a map. 
When plotting 
2 
EXPLOSIVE YIELD ESTIMATION 
T o  use the mathematical model f o r  the estimation and the prediction of ex- 
pected yield values it is necessary to evaluate the parameters  5, b, 2, and d: 
This was done and it was found that by taking the best  available information 
2 
that the parameters  take on the following values: 
b = 4.0,  c = 1. 1, d = I.. 5 
a = function of the propellant quantity, (thus 
can be considered a scaling parameter)  
The function for 5 is plotted in Figure 1 indicating that it is a distorted S 
curve. The circled points on the curve represent  the best  information available 
both in experiments fo r  the smaller  quantities and actual liquid propellant rocket 
failures fo r  the larger  quantities. 1 , 2 , 3  
The only experiments which were  fully instrumented to obtain the yield-spill 
relationship were  the two 25,000-lb LOX/RP explosion tes ts  and the 200-lb LOX/ 
R P  cold flow and explosion experiment, The yield-spill relationship which was 
verified in those experiments was assumed to hoid also t rue  in the remainder of 
the experiments and failures,  
5 
The points not circled is this figure represent the 5 values based upon the 
PYRO data as presented in the Prel iminary Final Report of Project PYRO which 
was received only one week ago. *' It is seen that all a values calculated on the ba- 
sis of the PYRO data a r e  larger  than the values used in the model, except for the 
1000-lb LOX/RP CBGS V-V high velocity drop tests.  These tests comprise  only 
about 0. 5 percent of the total number of tests reported a n d a r e  not particularlyrep- 
resentative of liquid propellant rocket failures,  
Figure 1 can be used to predict the most probable parameter  a for large- 
scale rockets such as the Saturn V. 
F r o m  the figure, it is seen that the value of a increases beyond the last 
available point, s o  it can be concluded that it will be  greater  than 70 for  the Sa- 
turn V. On the other hand, if the last two points a r e  connected by a straight line 
its intersection with the Saturn V propellant weight will give a n  value which is too 
large. Thus the actual value of &for  the Saturn V must lie between 70 and 97. 
Figure 2 shows that the effect of a on the yield is ra ther  small in the range 
And so the predicted average yield value for of these large propellant quantities. 
the Saturn V based upon the mathematical model is between 3.5 and 4 percent. 
Figure 3 presents the average 'yield values as predicted by the mathemati- 
cal  model as a function of the propellant weight ii-volved and also gives the 95 per-  
cent confidence limit, indicating that 95 i imes out of 100 the explosive yield fo r  the 
Saturn V would be less  than 9 percent. 
The mathematical model as used he re  included all types of propellants as 
well as all kinds of modes of failures o r  experiments. 
It is clear that the mode of failure,  as well as the propellant type, has a 
distinct influence upon the actual yield obtained. If only a particular type of fail- 
ures  or a particular type of propellants is to be  investigated then only that data can 
be used for analysis in the mathematical model, and the values of the parameters  
a, b, c ,  and d will change. The average explosive yield value should be better in 
such cases and the confidence limits will be found, in.penera1, closer to the average 
values. 
The last statement indicates that for  large-scale liquid propellant rockets it 
may be desirable to control the mode of failure with a properly designed destruct 
- 
"April 18, 1968 
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system, in order to give a minimum explosive yield. With such a procedure the 
explosive yield value can be lowered and the explosion yield prediction reliability 
increased. 
CONCLUSIONS 
1. Since the development of the mathematical model, several  years ago, 
for the estimation and prediction of the expected yield f rom liquid propellant rocket 
explosions, much information has become available which increases the confidence 
in this model. 
2. The yield function-spill function relationship was verified by instru- 
menting two 25,000-LOX/RP explosion experiments and one 200-lb LOX/RP cold 
flow and explosion experiment, 
3 .  A check of the yields predicted by the model against the experimental 
results,  reported in tha Preliminary Final Report on Project PYRO, showed the 
mathematical model to be conservative in 99.5 percent of the cases  and only under- 
estimated a few of the high velocity impact experiments. 
4. It seems that t!-e mathematical model can s e t  a n  upper limit on the ex- 
pected yield of a large-size liquid propellant rocket for a chosen co-didence limit 
and it can give the average value by conservative extrapolation. 
5. All evidence indicates that the mathematical model developed for the 
prediction of expected yield values is conservative in its predictions. 
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CHARACTENSTICS O F  LIQUID ROCKET PXOPELLANT 
EXPLOSION PHENOMENA 
Part  VII: Interpretation of Explosive Yield Values Obtained 
From Liquid Rocket Propellant Explosions 
by 
E. A. Farberxt 
I t  was mentioned previously that the results obtained by the writer and his 
a.ssociates are  in terms of EXPLOSIVE YIELD defined as the fraction of the the- 
oretical maximum (Normalized Yields). In this manner the difficulty of relating 
one propellant to another, o r  to other explosives is avaided. 
The above difficdty comes from the observation that different propellants 
and explosives exhibit different pressure-time traces , o r  relationships , and not 
enough is h0-m OF how to properly correlate one of these traces with another. 
The most common correlation is made either on th= bases of energy release, o r  
over-pressure, or  impulse with each of tkese correlations giv5ng different results 
especially in the near field. 
Since much of the work'& liquid propellant explosions is reported in te: a s  
of "TNT Equivalerd Yields," it was suggested that the writer proviae some indica- 
tion on how the yield valu.es obtained by him could possibly be coiiverted into equi- 
valent TNT values. 
-- 
Caution must be used when this is done because depending upon the method 
ased different results can be obtained. This same fact is also born out i n  the yield 
essmation based upon actual field measurements. Yields obtained and based xpon 
over-pressure measuremehts a r e  different from those based upon impulqe with the 
difference increasing the closer to ground zero the measurements a re  taken. 
For the purpose of relating the "Normalized Yield" val'lle? to "TNT Equiva -- 
lert" values, the writer used the method given in the "Summary Report on a~Study 
of the Blast Effect of a Saturn Vehicle" by Arthur D. Little, Inc. dated February 
*P;,ofessor and Research Professor of Mechanical Engineering, University of 
Florida, Gainesville, Florida. 
11 
15, 1962. 
lowing correlation: 
The results prcsentcd on page 70 of the above reference lead to the fol- 
A. 1 ib of LOX/RP propellant in  a 2.25/1 weight ratio is potentially equi- 
valent to 1.  2 3  lb of TNT.  
1 lb of LOX/LH2 propellant in a 5/1 weight ratio is potentially equiva- 
lent to 1 .52  Ib of TNT. 
1 Ib of LOX/RP/LH2 propellant in a weight c3mposition of 0. 75/0.18/ 
0. 07 (Saturn C-2 Configuration) is potentially equivalent to 1 .  355 lb of 
TNT. 
1 I t o f  LOX/RP/LH propellant in aweight composition of 0.721/0. 244/ 
0. 035 (Saturn V Configuration) is potentially equivalent to 1.29 lb of 
TN T. 
B. 
C. 
D. 2 
Qn the above bases the values of expected yields as predicted by the Mathe- 
matical  Model f o r  the Saturn V propellant quantities are: 
Saturn V 
Normalized Yields TNT Equivalent Yields 
'lavg = 3. 8 
'0.95 = 9 . 6  
= 4.9 
= 12.4 
"avg average oi all 
'0.95 95% of a11 the 
expected yields 
expected y.e?ds fall 
below this value 
A further word of caution should be added at this time in case a damage in- 
dex is attached to these yield values expressed in  terms of TNT equivalents. Again 
because of the difference i n  the pressure-time t races ,  a particular liquid propellant 
explosive yield can be expected to do a different amount and type of damage (espe- 
cially in  the near  field) f rom the TNT explosive yield of the same valus. In other 
words, ca re  should be used in applying these results, taking cognizance of the ex- 
plosive characteris tics of the propellants under consideration. 
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